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ABSTRACT 
 
The midgut of the silkworm, Bombyx mori, is extensively 
remodeled during metamorphosis: in fact, while cell death 
processes lead to the degeneration of the larval epithelium, the 
adult midgut is formed by the proliferation and differentiation of 
stem cells. Our group previously described the intervention of 
apoptotic and autophagic events in larval midgut cells undergoing 
degeneration (Franzetti et al., 2012). The present study aims at 
investigating the molecular pathways of apoptosis and autophagy, 
the role of the two processes and their relationship in this tissue.   
We first analyzed the expression pattern of autophagic and 
apoptotic genes, as well as used specific markers to assess the 
precise timing of autophagy and apoptosis during metamorphosis. 
The results obtained confirm that autophagy is activated at 
spinning stage, while apoptosis intervenes with a delay of 24-48 
hours. The final demise of apoptotic cells occurs by secondary 
necrosis and their content is released in the lumen of the adult 
midgut.  
To investigate the mechanisms that lead to the activation of 
autophagy and apoptosis we used 20-hydroxyecdysone (20E), one 
of the main regulators of metamorphosis in insects. The 
administration of a single dose of 20E induces the transcription of 
both autophagic and apoptotic genes, but fully activates only 
autophagy. In contrast, the activation of effector caspases needs a 
second injection of 20E. These data suggest that, during 
development, autophagy is induced at the end of the last larval 
stage by the 20E commitment peak, while the onset of apoptosis 
occurs concomitantly with 20E metamorphic peak. Moreover, our 
results demonstrate that 20E activates autophagy by inhibiting the 
Tor pathway. However, inactivation of Torc1 through rapamycin 
administration is not sufficient to trigger and maintain a full 
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autophagic response, thus suggesting that the activation of 
autophagy by 20E is mediated by multiple downstream targets.  
In order to study the role of autophagy and apoptosis in this 
setting we used specific inhibitors. The impairment of the 
autophagic flux, through administration of chloroquine, determines 
an increased degeneration of the larval midgut epithelium and 
higher levels of caspase activity compared to controls, while the 
inhibition of caspase activation, by using z.vad.fmk, leads to a 
severe delay in the degradation of the epithelium. These data 
demonstrate that, while autophagy has a pro-survival role in this 
setting, apoptosis is the major process that drives the demise of 
the larval midgut during metamorphosis.  
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1 INTRODUCTION 
 
1.1 Metamorphosis and hormonal regulation of development in 
insects 
 
Metamorphosis is a process that allows the morphological 
modification of the different life stages of a certain species, 
allowing the organism to exploit different habitats and food 
sources. Insects that belong to the most primitive orders show 
direct development (ametabolous insects) and their juvenile stage 
looks very much like the adult, except for the lack of functional 
genitalia. Ametabolous insects include the bristletails and the 
silverfish. In insects with "incomplete" metamorphosis 
(hemimetabolous insects) the immature stage (nymph) lacks 
genitalia and, in winged species, the nymph bears wing buds which 
are transformed into functional wings during the moult to the adult 
stage. Hemimetabolous insects include cockroaches, grasshoppers 
and dragonflies. Insects with "complete metamorphosis" 
(holometabolous insects) are characterized by different larval, 
pupal and adult stages, thus allowing a different use of the 
resources needed for growth and reproduction. Holometabolous 
insects include beetles, flies, moths and bees (Truman and 
Riddiford, 1999). We will use hereafter the term metamorphosis 
referring to complete metamorphosis. During this process the 
external and internal body structure is completely remodeled 
through processes of tissue degeneration and regeneration. These 
are finely regulated by hormonal cues. Three major classes of 
hormones control moulting and metamorphosis: the 
prothoracicotropic hormone (PTTH) (and other neuropeptides), the 
ecdysteroids, and the juvenile hormones (JHs). Neurosecretory 
cells localized in the brain secrete PTTH, which passes through 
nerve axons to the corpora cardiaca or the corpora allata. These 
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organs store and release PTTH into the haemolymph, starting each 
molt by stimulating the synthesis and secretion of ecdysteroid by 
the prothoracic glands. Production of ecdysteroids occurs in all 
insects: this group of hormones comprises ecdysone (E) and 20-
hydroxyecdysone (20E). Ecdysone is released from the prothoracic 
glands into the hemolymph and is usually then converted to the 
more active 20E in several peripheral tissues, especially the fat 
body (Gullan and Cranston, 2014). E and 20E differ in their 
biological effects and the concentration of these two hormones in 
the hemolymph is important for the timing of developmental 
changes (Truman and Riddiford, 2002). The inactivation of 20E is 
achieved in two different ways: it can be irreversibly hydroxylated 
to 20,26-dihydroxyecdysone or sequestered in the form of 20E-
phosphate and then excreted or stored for later use (Rees, 1995). 
JHs, on the other hand, are produced from the corpora allata and 
can be divided in different classes based on their structures. While 
JH-III is usually found in most insects, Lepidoptera rely on JH-I 
and JH-II (Roe and Venkatesh, 1990). JHs inhibit the expression of 
adult features so that a high hemolymph level of JHs is associated 
with a larval–larval moult, a lower concentration with a larval–
pupal molt, while JHs are absent at the pupal–adult molt (Gullan 
and Cranston, 2014). The metabolic inactivation of JHs involves 
the modification of either the ester or the epoxide group (Roe and 
Venkatesh, 1990). 
In Lepidoptera, most of the studies regarding the hormonal 
regulation of metamorphosis have been performed in Manduca 
sexta. In this species, during the final larval instar, JH titer 
declines to undetectable levels in both the hemolymph and tissues. 
A decrease in JH concentration allows the release of PTTH that 
consequently permits the release of ecdysone. A high 
concentration of ecdysone, in the absence of JH, leads to cessation 
of feeding and the onset of the wandering stage (20E commitment 
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peak). During the prepupal period JH increases and is necessary to 
prevent precocious metamorphosis in some tissues. JH decreases 
again during pupal ecdysis so that the subsequent ecdysteroids 
rise (metamorphic or pupal peak) occurs in the absence of JH and 
causes the metamorphosis to the adult stage (Truman and 
Riddiford, 2002) (Fig. 1). A similar regulation by hormones was 
described in the silkworm, Bombyx mori (Satake et al., 1998). 
 
 
Figure 1 - Hormonal titers during Lepidoptera metamorphosis (modified from 
Truman and Riddiford, 1999). 
 
The molecular basis of 20E activity is well studied in insects. 20E 
binds to the ecdysone nuclear receptor (EcR), which then interacts 
with the ultraspiracle protein (USP) to direct metamorphosis by 
mediating the expression of genes, including several transcription 
factors (Cai et al., 2014). In the 20E signalling pathway of the 
lepidopteron B. mori, EcR binds with USP to form a heterodimer, 
which can bind and regulate the expression of several key genes, 
such as Broad complex (BR-C), E74 E75, HR3, ßftz-F1 and E93 (Li 
et al., 2015; Liu X et al., 2015; Tian et al., 2013). In the JH signal 
transduction pathway, methoprene-tolerant (Met) proteins are 
regarded as potential candidate receptors for JH. In B. mori, Met2, 
one of the two Met isoforms, combines with steroid receptor co-
activator (SRC) to form a heterodimer and induces the expression 
of downstream genes (Ou et al., 2014). In B. mori and other 
lepidopterons 20E is the inducer and regulator of processes related 
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to programmed cell death (PCD) in different organs such as the fat 
body (Tian et al., 2012; Tian et al., 2013) and the silk gland 
(Matsui et al., 2012; Sekimoto et al., 2006). On the other hand, JH 
seems to inhibit PCD in the same context (Matsui et al., 2012; 
Parthasarathy and Palli, 2007). The fine regulation of PCD 
processes by hormones is crucial for the correct reshaping of 
insect tissues during metamorphosis since cell death processes 
lead to the degeneration or the remodeling of larval organs that 
are no more needed during the pupal and adult stages. 
 
1.2 Classification of cell death  
 
Different classifications of the processes that lead to the demise of 
the cells have been proposed according to morphological 
appearance, enzymological criteria (absence or presence of 
nucleases or proteases), functional aspects (programmed or 
accidental, physiological or pathological) or immunological 
characteristics (immunogenic or non immunogenic) (Kroemer et 
al., 2009). In particular, several definitions of cell death, based on 
morphological criteria, can be found in the literature. Some of 
them define processes that are context-specific (e.g., cornification, 
mitotic catastrophe) or are related to pathologies, while others 
identify processes that can not be uniquely distinguishable from 
other cell death modalities (Galluzzi et al., 2012; Kroemer et al., 
2009).  
The three main cell death processes that have been observed and 
well characterized in most of the settings, including developmental 
processes, can be classified as (Fig. 2): 
 Type 1 cell death (apoptosis) shows nuclear 
condensation and fragmentation, membrane blebbing and 
formation of apoptotic bodies that are later engulfed by 
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phagocytes. The activation of caspases is usually observed in 
apoptosis (Galluzzi et al., 2007, Kroemer et al., 2009); 
 Type 2 cell death (autophagic cell death) is 
characterized by the presence of autophagosomes and 
autolysosomes in the cell cytoplasm (Kroemer et al., 2009). 
Autophagic cell death occurs in the absence of chromatin 
condensation and no intervention of phagocytes is observed 
(Klionsky et al., 2012). The occurrence of "autophagic cell death" 
has been described in some contexts based only on morphological 
features. However, in this case, the term must be simply 
considered as the direct observation of a cell that dies in the 
presence of autophagy. Functional studies are therefore needed to 
distinguish between "cell death by autophagy", where autophagy 
actively contributes to the process, from "cell death with 
autophagy", where it simply accompanies the cell death process 
without having an active role (Galluzzi et al., 2007; Kroemer et al., 
2008); 
 Type 3 cell death (necrosis) is characterized by an 
increase in cell volume, swelling of cytoplasmic organelles, 
membrane rupture, and release of cytoplasmic content in the 
extracellular environment. Necrosis is usually considered an 
uncontrolled form of cell death, but evidence accumulated in 
recent years shows that its execution may be finely regulated at 
least in some contexts. Therefore the term "necroptosis" has been 
proposed to indicate regulated necrosis (Galluzzi et al., 2007; 
Kroemer et al., 2009). 
The morphological classification of cell death is based on the 
assumption that similar morphological features are due to the 
activation of similar cell death pathways. This type of classification 
is still very popular due to the easiness of use and to the presence 
of standardized and long-standing guidelines. On the contrary, in 
some instances, cell death phenotypes showing similar 
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morphologies can possess functional, biochemical and 
immunological heterogeneity. Moreover, the presence of specific 
morphological features is not usually sufficient to prove the 
existence of a causal link between a process and the observed 
cellular demise.   
 
 
Figure 2 - Main cell death modalities (adapted from Kroemer et al., 2009). 
 
Information on the type of cell death that occurs in a given context 
can be also achieved by using biochemical or molecular methods. 
One of the advantages of these kinds of assays, in comparison to 
morphological observations, is that they are quantitative rather 
than qualitative. An exhaustive classification of cell death 
modalities based on biochemical features can be found in Galluzzi 
et al. (2012). However, these methods must be used and 
interpreted with caution, especially when a single cell death 
marker is considered (Galluzzi et al., 2012). 
 
1.3 Apoptosis  
 
The term "apoptosis" refers to a type of cell death that is 
accompanied by morphological features such as loss of the cell 
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morphology, reduction of volume (pyknosis), plasma membrane 
blebbing, nuclear condensation and fragmentation (karyorrhexis). 
Classical markers of apoptosis rely on the search for late apoptotic 
features such as caspase activation by using immunoblotting or 
immunohistochemistry, the TUNEL technique (Terminal 
deoxynucleotidyl transferase dUTP nick end labeling), assessment 
of DNA fragmentation by using electrophoresis, and morphological 
observation of condensed and fragmented nuclei by using light or 
electron microscopy. The term "apoptosis" should be used only 
when cell death events are accompanied by several of these 
morphological features. The apoptotic process usually ends in vivo 
with the engulfment by phagocytes (Kroemer et al., 2009). Under 
in vitro or in vivo conditions, where phagocytes are not present, 
apoptotic cells usually break up and release cytoplasmic 
components into the extracellular environment in a process called 
secondary necrosis (Silva, 2010).  
In metazoans, apoptosis has a crucial role in maintaining the 
homeostasis of the organism and during its development. The 
deregulation of apoptosis in humans leads to a variety of 
pathologies including cancer, autoimmune diseases and 
neurodegenerative disorders (Riedl and Shi, 2004). During 
metazoan development the production of an excess of cells, 
followed by an apoptotic culling during later stages, allows to 
obtain the correct number and type of cells in different organs. The 
body structures are usually produced at early stages of 
development and later removed or reshaped by apoptosis, thus 
enabling primordial tissues to be adapted for different functions at 
different life stages or in different sexes. For instance, during early 
vertebrate development the pronephric kidney tubules arise but, 
although these structures form functional kidneys in fish and in 
amphibian larvae, they are useless and degenerate in mammals. 
Similarly, during insects and amphibian metamorphosis, apoptosis 
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eliminates tissues that are no longer useful, such as larval 
structures in insects or the amphibian tadpole tail (Meier et al., 
2000). 
From a genetic point of view, the basis of cell death in metazoans 
was first studied in the nematode Caenorhabditis elegans. In this 
experimental model four main proteins constitute the cell death 
apparatus: EGL-1, CED9, CED4 and CED3 (Denton et al., 2013). 
CED3 is the homolog of mammalian caspases and is activated by 
the interaction with the adaptor protein CED4. This interaction 
occurs after the release of CED4 from the pro-survival protein 
CED9 (BCL-2-like), due to the sequestration of the latter by the 
BH3-only protein EGL-1 (Conradt and Horvitz, 1998; del Peso et 
al., 1998; del Peso et al., 2000; Yang et al., 1998). This core 
machinery is conserved in mammals, where one or more homologs 
of these proteins have been described. In mammalian cells two 
different pathways that lead to caspase activation have been 
identified: 1) in the extrinsic pathway, an extracellular death 
ligand (such as tumor necrosis factor-α, TNF-α) binds to a 
transmembrane "death-receptor" (Taylor et al., 2008). This 
interaction provokes the recruitment of adaptor proteins, such as 
FADD, which in turn recruit several Caspase-8 molecules. Caspase-
8 is an initiator caspase that can autoactivate and cleave pro-
Caspase-3 and pro-Caspase-7 (effector caspases); 2) in the 
intrinsic pathway, the apoptotic stimulus (cell stress or damage) is 
transduced to the mitochondria by BH3-only proteins, such as BID 
(Luo et al., 1998). This protein also mediates the cross-talk with 
the extrinsic pathway given that it can be targeted and cleaved by 
Caspase-8. If the activator effect of BH3-only proteins exceeds the 
inhibitory effect of anti-apoptotic BCL-2 family proteins, BAK-BAX 
oligomers assembly on the mitochondrial outer membrane, 
permitting the efflux of intermediate space proteins such as 
Cytochrome c (Jurgensmeier et al., 1998). Once released, it 
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promotes the assembly of the apoptosome, composed by several 
molecules of the apoptotic protease activating factor-1, APAF1, 
and Caspase-9 (Shiozaki et al., 2002). Caspase-9 propagates a 
proteolytic cascade that leads to the activation of the major 
effector caspases 3, 7 and 6, which possess proteolytic ability on 
several intracellular substrates, thus culminating in cell death 
(Taylor et al., 2008). In mammals, the activity of Caspase-3, 7 
and 9 can be regulated also by IAPs (inhibitor of apoptosis 
proteins) (Riedl and Shi, 2004; Tenev et al., 2004). All the 
members of the caspase family share a similar structure consisting 
of a prodomain and a catalytic domain with peptidase activity. 
Initiator caspases usually possess a longer prodomain compared to 
effector caspases. The catalytic domain is composed by two 
subunits of about 10 and 20 kDa (Chang and Yang, 2000; Fuentes-
Prior and Salvesen, 2004). After proteolityc cleavage of the 
proenzyme (zymogen), the two subunits form a heterodimer. The 
association of two heterodimers leads to the formation of the 
active caspase (Chang and Yang, 2000). Effector caspases 
orchestrate the dismantling of most of cell structures (Taylor et al., 
2008). Proteolysis of the Rho effector ROCK1 determines the 
contraction of the actin cytoskeleton and plasma membrane 
blebbing, as well as nuclear fragmentation (Coleman et al., 2001). 
Cleavage of tubulins and microtubule-associated proteins 
contribute to the formation of apoptotic bodies (Moss et al., 2006). 
Caspase-mediated cleavage of nuclear lamins and envelope 
proteins leads to nuclear fragmentation (Rao et al., 1996). 
Proteolysis of MST1 protein results in its translocation to the 
nucleus, phosphorylation of Histone H2B and chromatin 
condensation (Cheung et al., 2003; Ura et al., 2001). Cleavage of 
Icad (inhibitor of caspase activated DNAse) determines inter-
nucleosomal DNA cleavage (Enari et al., 1998). Caspase activity is 
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also required for the exposure of phosphatydilserine and other 
phagocytic signals on the cell surface (Martin et al., 1995).  
 
1.4 Apoptosis in insects  
 
The molecular pathway leading to caspase activation in insects has 
been mainly studied in Drosophila melanogaster and some 
differences, compared to C. elegans and mammals, have been 
underlined. Apoptosis in D. melanogaster involves effector 
caspases that are homologous to C. elegans CED-3, although the 
upstream pathway involves different proteins (Denton et al., 
2013). In fact, in Drosophila homologs of EGL-1 are lacking and 
the two homologs of Bcl-2 identified so far play only minor roles in 
apoptosis (Chen and Abrams, 2000). In Drosophila, caspases are 
regulated mainly by IAP proteins that act through binding to 
central apoptotic players and whose removal is necessary for 
caspase activation (Deveraux and Reed, 1999; Hay et al., 1995). 
In this insect a precise distinction between intrinsic and extrinsic 
apoptotic pathway has not been described yet but orthologs of the 
TNF and TNF receptor family (Eiger and Wengen respectively) have 
been identified (Kauppila et al., 2003). Eiger can induce apoptosis 
and its effect is blocked by the IAP factor Diap1. Seven different 
caspases have been identified in Drosophila. Three of these are 
generally considered initiator caspases (Dronc, Dreed and Strica), 
based on the presence of a long prodomain, while the other four 
are classified as effector caspases (Drice, Dcp-1, Decay and 
Damm) (Denton et al., 2013). The initiator caspase Dronc can 
interact with the Ark/Dark molecule and assembly into an 
apoptosome similarly to what happens for mammalian Apaf-1 with 
Caspase-9 (Yu et al., 2006; Yuan et al., 2011). Dronc appears to 
be the essential initiator caspase in stress-induced and 
developmental apoptosis in this organism and Dronc null mutants 
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die during pupal stage, showing abnormalities in cell death pattern 
(Kumar and Doumanis, 2000; Daish et al., 2004). On the other 
hand, Dark does not require Cytochrome c for downstream 
caspase activation (Dorstyn et al., 2004). Dredd is related to 
mammalian Caspase-8 (Chen et al., 1998), but seems to be 
involved mainly in innate immunity. It is in fact activated by the 
Toll receptor and regulates the antimicrobial peptide expression 
pathway (Leulier et al., 2000; Stoven et al., 2003). The function of 
the Drosophila caspase Strica is still awaiting clarification and also 
its role as an initiator or as an effector caspase is a matter of 
debate. A redundancy between Strica and Dronc has also been 
proposed in some contexts (Baum et al., 2007; Denton et al., 
2013). Concerning effector caspases, Drice is considered the 
functional analog of human Caspase-3 and is generally identified 
as the most relevant caspase in D. melanogaster (Kumar and 
Doumanis, 2000; Muro et al., 2006). On the other hand, Dcp-1 
seems to play a minor and redundant role compared to Drice (Xu 
et al., 2006). Decay and Damm are the less studied caspases and 
their precise role has not been characterized yet (Denton et al., 
2013). 
The intervention of apoptosis during Drosophila development has 
been studied in different tissues. In Drosophila, 20E signaling 
stimulates apoptosis via EcR-USP and induces the expression of 
several apoptotic genes, including the caspases Dronc and Drice 
(Cakouros et al., 2004; Kilpatrick et al., 2005) and the death 
activators Reaper and Hid (Jiang et al., 2000; Lee et al., 2000). 
During metamorphosis apoptosis and autophagy are required for 
the correct degeneration of the salivary glands (Berry and 
Baehrecke, 2007). During abdominal muscle remodeling death 
occurs by apoptosis, and does not require autophagy (Zirin et al., 
2013). On the other hand, despite high caspases levels were 
observed during midgut demise, apoptosis does not seem to play a 
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major role in this degenerative process (Denton et al., 2009). 
Apoptosis is also needed for the removal of the excess of nurse 
and follicle cells involved in oocyte maturation (Buszczak and 
Cooley, 2000). Caspase activity is also required during terminal 
differentiation of spermatids (Huh et al., 2004). In the same 
context, a Dronc-dependent but apoptosome-independent PCD has 
been described during the elimination of exceeding germ cells 
undergoing differentiation (Yacobi-Sharon et al., 2013).  
In Lepidoptera, apoptosis and caspase activation are involved in 
the death of larval organs during metamorphosis, often in 
concomitance with autophagy. DNA fragmentation, apoptotic 
nuclei and caspase activation have been detected in several organs 
of different species of Lepidoptera during metamorphosis 
(Franzetti et al., 2012; Tettamanti et al., 2007; Therashima et al., 
2000; Tian et al., 2012; Uwo et al., 2002). Active caspases and 
other apoptotic features have been also found, concurrently with 
autophagy, in the ovarian nurse cells of B. mori during oogenesis 
(Mpakou et al., 2006).  
Similarly to Drosophila, 20E is one of the major regulators of 
apoptosis also in Lepidoptera (Tian et al., 2012). Manaboon et al. 
(2008) hypothesized that, in the anterior silk gland of B. mori, cell 
death is regulated by a double pulse of this hormone, which peaks 
twice during larval-pupal transition. The first peak of 20E 
(commitment peak) upregulates the expression of apoptosis-
related genes and its effects are mediated by the EcR/USP 
receptor complex. The second pulse of hormone (metamorphic 
peak), which occurs during the pupal stage and is much stronger 
than the commitment peak, activates the so-called non-genomic 
response. This effect is mediated by a putative ecdysone 
membrane receptor and consists in the induction of effector 
caspases (Manaboon et al., 2008). Tian et al. (2012) showed that, 
in B. mori larval fat body, apoptosis and the expression of 
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apoptosis-related genes are induced by exogenous 20E and 
decreased by RNAi-mediated knockdown of USP. These results 
confirm that 20E induces apoptosis in the silkworm fat body during 
larval molting and larval-pupal transition. 
Spodoptera frugiperda Caspase-1 was the first caspase identified 
and characterized in Lepidoptera (Ahmad et al., 1997). SfCaspase-
1 is the main effector caspase in S. frugiperda and, during 
apoptosis, in Sf9 cells it is processed to mature subunits in a two-
steps activation mechanism. The first step is the cleavage of the 
proenzyme (p37) at D195 (aspartic acid 195) residue thus 
producing p25 and the small subunit p12. The second step is the 
cleavage of p25 at D28 residue producing the large subunit p19 and 
the prodomain p6 (Lai et al., 2012; Liu and Chejanovsky, 2006) 
(Fig. 3).  
 
  
 
Figure 3 - Processing of lepidopteran pro-SfCaspase-1 into the active subunits 
(modified from Lai et al., 2012). 
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SfCaspase-1, SlCaspase-1 and BmCaspase-1 possess similar 
sequence and mechanism of action. Moreover, the three proteins 
contain the cleavage sites DEGD and TETD that are necessary for 
the processing of p19, p12 and p6 subunits (Liu et al., 2005).  
In the study by Courtiade et al. (2011) caspases from several 
lepidopteran species were characterized, classified and compared 
to Drosophila homologs. Nucleotide sequences from 27 different 
lepidopteran species (including B. mori) were analyzed. Several 
putative caspases were identified and classified into six subgroups 
(from Caspase-1 to Caspase-6). Lepidopteran Caspase-1, 2 and 3 
were considered effector caspases based on the structure of the 
prodomain and thus homologs to Drosophila Dcp-1, Drice and 
Decay. It is important to underline that in B. mori only two effector 
caspases have been found (Caspase-1 and Caspase-3) because of 
the lack of Caspase-2 homologs. Lepidopteran Caspase-5 and 6 
show structural features typical of initiator caspases and share 
similarities with D. melanogaster Dronc and Dreed, respectively. 
Conversely, the function of Caspase-4 as an effector or an initiator 
caspase remains uncertain and functional studies are required to 
obtain more information about this issue (Courtiade et al., 2011). 
These results partially overlap those reported in a different study 
performed in B. mori. In that case, two initiator caspases, named 
BmDronc and BmDreed, and three effector caspases, BmCaspase-
N, BmCaspase-1 and BmICE, were identified (Zhang et al., 2010). 
Moreover, a number of homologs of both human and Drosophila 
apoptosis-related genes, were reported and the presence of both 
the extrinsic and the intrinsic apoptotic pathway was hypothesized 
(Zhang et al., 2010). Even though the information on the apoptotic 
pathway in Lepidoptera is growing, it is still fragmentary compared 
to other model organisms such as Drosophila or mammals 
(Courtiade et al., 2011) (Fig. 4).  
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Figure 4 – Comparison between the apoptotic pathway in mammals, Drosophila and 
Lepidoptera (modified from Courtiade et al., 2011). 
 
1.5 Autophagy 
 
Autophagy is widespread in eukaryotes (Reggiori and Klionsky, 
2002). Three different types of autophagy have been described so 
far: 
 Chaperone Mediated Autophagy (CMA) can selectively 
target soluble cytosolic proteins that show the “KFERQ” aminoacid 
sequence. These proteins are recognized by cytoplasmic 
chaperones and translocated across the lysosomal membrane in a 
process mediated by membrane receptors (Dice, 1990). CMA is 
activated in response to starvation, oxidative stress, or toxic 
compounds (Bejarano and Cuervo, 2010); 
 Microautophagy is a non-selective process of degradation of 
intracellular components that involves direct engulfment of the 
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cytoplasmic cargo by invagination of the lysosomal membrane. 
Microautophagy can be induced by nitrogen starvation or 
rapamycin and is involved in the maintenance of organelle size, 
membrane homeostasis, and cell survival under nitrogen 
restriction (Li et al., 2012; Wang and Klionsky, 2004);  
 Macroautophagy, hereafter termed autophagy, is the most 
common and, by far, the better studied among these processes. It 
can be described as the sequestration of portions of cytoplasm and 
organelles within autophagosomes and the subsequent cargo 
degradation following authophagosome-lysosome fusion. It is 
believed that autophagy is involved in a great variety of 
physiological and patho-physiological processes such as response 
to starvation, clearance and turnover of proteins and organelles, 
development, aging, immune response, cell death, and tumor 
suppression (Mizushima, 2005).  
The autophagic process starts with the formation of an isolation 
membrane or phagophore. The assembly point of the phagophore 
is called preautophagosomal structure or Phagophore Assembly 
Site (PAS). The source of the membrane used to build up the 
autophagosome has been matter of debate for a long time. The 
first hypothesis, based on morphological and immunohistochemical 
analysis, pointed out that the ER, Golgi or de novo synthesis were 
the most likely source of this membrane (Tooze and Yoshimori, 
2010). De novo synthesis was originally supported by the 
observation that the autophagosomal membrane is poor in protein 
content and free from known organelle markers. Recent 
discoveries have shown that the ER (Hayashi-nishino et al., 2009; 
Yla-anttila et al., 2009) and the mitochondria (Hailey et al., 2010) 
could be a likely source of membrane. Furthermore, Hamasaky et 
al. (2013) postulated that autophagosomes form at ER-
mitochondria contact sites. Due to the peculiar mechanism of 
formation, autophagosomes are surrounded by a double-
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membrane. This feature allows to distinguish them from other 
vesicles such as endosomes, lysosomes or apoptotic blebs by 
transmission electron microscopy (TEM). The fusion between 
autophagosomes and lysosomes generates autolysosomes. In 
autolysosomes the autophagosome inner membrane and its cargo 
are degraded by lysosomal hydrolases (Kroemer et al., 2009). The 
entire autophagic process, which comprises autophagosome 
formation, maturation, fusion with lysosomes, breakdown and 
release of molecules into the cytoplasm, is usually termed 
“autophagic flux” (Zhang et al., 2013) (Fig. 5). 
 
 
 
Figure 5 - Representation of the autophagic flux (adapted from Kaushal et al., 
2012). 
 
More than thirty autophagy-related (Atg) proteins were described 
in yeast and about twenty in mammals. In fact, autophagy 
involves the coordinated activation of multiple molecular 
components. Atg proteins can be classified into six functional 
groups: the Atg1/Ulk1 kinase complex, Atg9, the Class III PI3K 
(Vps34 - Beclin1) complex, the PI(3)P-binding Atg2-Atg18 
complex, the Atg12 and the Atg8 ubiquitin-like conjugation 
systems (Itakura and Mizushima, 2010). 
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Atg1 (Ulk1 in mammals) is an evolutionary conserved 
serine/threonine protein kinase that associates with other proteins 
(including Atg13, Atg101 and FIP200), thus forming a complex. 
The activation of the Atg1 complex is considered the most 
upstream step in autophagosome formation (Suzuki et al., 2007). 
Atg1/Ulk1 has at least two distinct roles in the activation of 
autophagy: it mediates the recruitment of Atg proteins and also 
plays a role in the subsequent formation of autophagosomes in 
both yeast and mammalian cells (Mizushima, 2010). There are 
several Atg1 homologs in mammals named Ulk2, Ulk3, Ulk4 and 
Stk36 with less clear roles compared to Ulk1. Studies conducted in 
Drosophila and mammals identified a direct interaction between 
Atg1/Ulk1 complex and the protein kinase Tor (Target Of 
Rapamycin) (Chang and Neufeld, 2009; Nazio et al., 2013). Tor is 
a master regulator of the nutrient signaling pathway and a 
negative regulator of autophagy. Tor acts downstream of growth 
factor receptor signaling, hypoxia, ATP levels and insulin signaling. 
Moreover, the chemical rapamycin inhibits the activity of Tor, thus 
promoting the formation of the Atg1/Ulk1 complex. Furthermore, 
in Drosophila and other insects Tor pathway activity is decreased 
by 20E (Rusten et al., 2004; Tian et al., 2013). Tor associates with 
other proteins thus forming the complex Torc1, which was 
demonstrated to regulate the autophagic response. Moreover, the 
level of Tor phosphorylation is directly linked to the activity of this 
complex.  The activity of Atg1 complex on phagophore formation is 
mediated by the transmembrane protein Atg9, which probably acts 
by promoting lipids recruitment to the isolation membrane (Glick 
et al., 2010). Accordingly, it was demonstrated that Atg1 
phosphorylates Atg9 during the early steps of autophagy activation 
in yeast (Papinsky et al., 2014). The nucleation of the isolation 
membrane is activated by the Vps34-Atg6/Beclin-1 complex. 
Vps34 is a class III PI3K able to generate PI3P, which is essential 
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for phagophore elongation and recruitment of other Atg proteins to 
the assembly site. The catalytic activity of Vps34 is promoted by 
its interaction with Beclin-1 and leads to an increase in the PI3P 
levels. This complex is inactivated by anti-apoptotic proteins that 
belong to the Bcl-2 family and by other signaling molecules 
(Mariño et al., 2014; Pattingre et al., 2005). Class III PI3K 
inhibitors, such as 3-methyladenine and wortmannin, block the 
production of PI3P and are among the most commonly used 
autophagy inhibitors (Wu et al., 2010). Once autophagy is 
activated, two ubiquitin-like systems allow the extension of the 
phagophore and the formation of the autophagosome. The first 
ubiquitin-like system mediates the conjugation of Atg12 with Atg5. 
In the first step of this process Atg7 activates Atg12. Atg10 then 
mediates the conjugation of activated Atg12 with Atg5 (Glick et 
al., 2010). Atg5-Atg12 forms a complex with Atg16L which binds 
to the extending phagophore. This association induces the 
curvature of the growing membrane through the asymmetric 
recruitment of processed Atg8-PE (LC3-II in mammals) (Glick et 
al., 2010). The second ubiquitin-like systems allows the processing 
of Atg8/LC3. Whereas yeast has a single Atg8 gene, multicellular 
animals have several. Atg8 proteins comprise three subfamilies: 
microtubule-associated protein 1 light chain 3 (MAP1LC3 or LC3), 
γ-aminobutyric acid receptor-associated protein (GABARAP) and 
Golgi-associated ATPase enhancer of 16 kDa (GATE-16). Humans 
possess a single GATE-16, two GABARAP, and four LC3 proteins 
(Shpilka et al., 2011). LC3 is expressed as a full-length cytosolic 
protein and is cleaved by the cysteine protease Atg4 to generate 
LC3-I (Kirisako et al., 2000). LC3-I is activated by Atg7 (in a 
fashion similar to Atg12), transferred to Atg3 and conjugated to 
phosphatidylethanolamine (PE), to generate LC3-II/Atg8-PE 
(Ichimura et al., 2000). LC3-II/Atg8-PE is found on both sides of 
the autophagosome membrane (Kabeya et al., 2000). In mammals 
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LC3-related molecules can undergo similar processing and co-
localize with LC3-II on the autophagosome. Even though the 
precise role of these molecules is still not clear, it is probably 
related to cargo selection by the autophagosome (Shpilka et al., 
2011) and autophagosome biogenesis (Kabeya et al., 2004). 
Autophagy was initially regarded as a non-selective process of 
degradation because electron micrographs frequently show 
autophagosomes containing mixed cytoplasmic components 
(Eskelinen, 2008). On the other hand, emerging evidence pointed 
out that phagophore membrane can selectively interact with 
cytoplasmic protein aggregates and organelles. It was proposed 
that LC3-II plays a role in the autophagosomal cargo selection, 
acting as a receptor that interacts with adaptor molecules on the 
target. In this context, the most studied adaptor protein is 
p62/SQSTM1. This molecule promotes the turnover of proteins 
tagged with Lys63-linked ubiquitin chains. p62 interacts with poly-
ubiquitinated proteins via its ubiquitin binding domain (UBD), and 
with LC3-II through its LC3-interacting region (LIR). Other proteins 
such as Nbr1 seem to have a role similar to p62 (Johansen and 
Lamark, 2011). Moreover, it was proposed that Uth1p and Atg32 
promote selective mitophagy in yeast (Kanki et al., 2009; Kissova 
et al., 2004). Once formed, autophagosomes fuse with lysosomes, 
thus forming autolysosomes. The fusion is mediated by several 
SNARE-like proteins that are localized both on autophagosomes 
and lysosomes (Liu R et al., 2015). This process involves the 
action of the cytoskeleton and needs the presence of the proteins 
LAMP-1 e LAMP-2 on the lysosomal surface (Eskelinen, 2006).   
Several assays have been developed to assess the activation of 
autophagy in a specific context. For a comprehensive review of the 
methodologies used for this purpose refer to the “Guidelines for 
the use and interpretation of assays for monitoring autophagy” 
(Klionsky et al., 2012). From a morphological point of view the 
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hallmarks of autophagy can be defined as the presence of 
phagophore sequestering portions of cytosol and the presence of 
autophagosomes that can be distinguished from other 
cytoplasmatic compartments due to the presence of the double 
membrane. TEM can be used for both qualitative and quantitative 
analysis in the field of autophagic research (Klionsky et al., 2012). 
Although this methodology is one of the most used to monitor 
autophagy, it is also subjected to misinterpretations mostly 
deriving from methodological artifacts. The main issues, when 
using TEM, are related to the precise identification and distinction 
of autophagic compartments and contents. These problems can be 
partially solved through immuno-TEM approaches, by using 
antibodies that are able to recognize autophagosomal or cargo 
antigens (Eskelinen et al., 2011; Klionsky et al., 2012).  
Another widely used method for the assessment of the activation 
of the autophagic flux is the quantification of the Atg8-PE/LC3-II 
protein by immunoblotting or by using GFP-LC3/Atg8 expressing 
cells. The measurement of the protein levels or the number of 
LC3-II/Atg8-PE dots, is considered an affordable marker of the 
amount of autophagosomes in the cell (Klionsky et al., 2012). In 
addition to LC3, other proteins involved in autophagy, such as 
SQSTM1/p62, Atg1/Ulk1 or Atg6/Beclin-1, can be used as 
autophagic markers. The level of activation of Torc1, indirectly 
monitored by measuring the phosphorylation of specific 
downstream targets (e.g., EIF4EBP1), can also be used to gain 
information regarding autophagy. One major issue while using 
autophagy markers is that the autophagic flux is a dynamic 
process composed of several steps that can be modulated at 
different points. For instance, an accumulation of autophagosomes 
can reflect induction of autophagy, reduction in autophagosome 
turnover or the inability of turnover after an increase in 
autophagosome formation (Klionsky et al., 2012). Thus, caution 
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must be used when trying to assess the level of activation of 
autophagy. Moreover, the concurrent use of more than one marker 
is highly recommended. In some settings, such as development-
related processes in Drosophila, also the expression of ATG genes 
has been used to obtain indirect information on the activation of 
autophagy. Other indirect autophagy assays, such as the 
measurement of acid phosphatase activity or the staining with 
acidotropic dyes, are useful to evaluate the activation of the 
lysosome pathway, which usually occurs concomitantly with the 
activation of autophagy (Klionsky et al., 2012). 
 
1.6 Developmental programmed autophagy in insects 
  
The molecular bases of autophagy have been thoroughly 
investigated in the recent past, evidencing a deep conservation 
among metazoans. This justifies the use of arthropod models to 
obtain information on the role of autophagy in more complex 
organisms (Malagoli et al., 2010). In particular, the demise of 
larval organs in holometabolous insects during metamorphosis 
represents an ideal model to study the role of autophagy in 
degenerative settings and in relation to apoptosis (Franzetti et al., 
2012). 
It was demonstrated that, in Drosophila, autophagy actively 
intervenes together with apoptosis during the metamorphic 
removal of salivary glands. Incomplete degradation of this organ is 
observed after ATG genes knockout or knockdown. Furthermore, 
overexpression of ATG1 induces the premature degradation of 
salivary glands without any involvement of caspases (Berry and 
Baerecke, 2007). Autophagy is also necessary for larval midgut 
degeneration. Similarly to salivary glands, loss-of-function ATG 
mutants or knockdown of ATG1 and ATG18 severely impairs 
midgut removal. In addition, the high level of caspases detected in 
this context seems to be dispensable for midgut degeneration 
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(Denton et al., 2009). In the fat body, ATG1 overexpression is 
sufficient to induce caspase-dependent cell death where 
degenerating adipocytes show apoptotic features, thus 
corroborating the hypothesis that autophagy can induce apoptosis 
(Scott et al., 2007). Autophagy and components of the apoptotic 
machinery are also required during Drosophila oogenesis. In this 
setting, the removal of the IAP dBruce mediated by autophagy is 
required to induce caspase activation and occurrence of apoptosis 
(Nezis et al., 2010). 
In Lepidoptera, homologs of several components of the autophagic 
pathway have been identified. These include multiple ATG genes 
and other genes involved in the PI3K signal transduction pathway 
(Zhang et al., 2009). A comprehensive list of references reporting 
the analysis of ATG genes and proteins in Lepidoptera can be 
found in Romanelli et al. (2014). Autophagic features have been 
frequently observed in many lepidopteran organs that die during 
metamorphosis, such as the Heliothis virescens midgut 
(Tettamanti et al., 2007), the M. sexta fat body (Muller et al., 
2004) and the fat body (Tian et al., 2013), the silk gland (Li et al., 
2010) and the midgut (Franzetti et al., 2012) of B. mori. In the 
silkworm midgut, autophagy is activated at wandering stage, when 
a large number of autophagic compartments, an increase in acid 
phosphatase activity and BmAtg8 processing to BmAtg8-PE can be 
detected (Franzetti et al., 2012). In this context autophagy is set 
in motion once the larva stops feeding to cope with starvation, 
leading to a reduction of the total protein concentration and 
inducing an increase in ATP levels.  
Tian and colleagues (2013) demonstrated that in the fat body of B. 
mori autophagy is activated simultaneously with the 20E 
commitment peak during larval-pupal transition. Accordingly, 20E 
injection in B. mori larvae leads to ATG genes upregulation, Torc1 
inhibition and Atg8 processing to Atg8-PE. Moreover, autophagy is 
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reduced by RNAi of ATG1 and USP genes and EcR dominant-
negative mutants show reduced autophagic induction during 
metamorphosis. These results clearly show that 20E is able to 
increase autophagy by inhibiting the PI3K/Torc1 pathway, allowing 
the activation of the downstream Atg1/Atg13 complex. 20E is also 
able to stimulate autophagosome formation by acting on the 
receptor complex EcR/USP that, in turn, activates the transcription 
of ATG genes. The authors also demonstrated that ATG genes can 
be activated both directly (this happens for ATG1 thanks to the 
presence of an ecdysone response element in the promoter) and 
indirectly (through the action of Br-C and downstream proteins). 
In conclusion, it has been proposed that in this setting autophagy 
functions to exploit nutrients from the adipose tissue in order to 
support the growth and differentiation of the adult structures (Tian 
et al., 2013). This working model is in accordance with that 
reported for Drosophila fat body, where inhibition of the PI3K/Tor 
signaling by 20E activates autophagy (Rusten et al., 2004). As 
already mentioned for Drosophila, in B. mori feeding larvae 
autophagy can also be stimulated by injecting rapamycin. 
However, the effect elicited in the silkworm fat body is weaker 
than that observed following the treatment with 20E, probably 
reflecting the inability of rapamycin to increase the expression 
levels of all the key ATG genes (Tian et al., 2013).  
In addition to 20E, also JH seems to be involved in the regulation 
of autophagy in insects. The common view is that JH inhibits 
autophagy befoure metamorphosis. Accordingly, it has been 
demonstrated that the treatment of Mamestra brassicae with JH 
during the last larval instar inhibits autophagy in the fat body 
(Sass and Kovacs, 1975). This result suggests that autophagy is 
activated when 20E concentration increases, provided that JH titer 
is low. In Lepidoptera, there is limited information on the signaling 
pathway that links JH to autophagy. However, it has been reported 
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that RNAi of the putative JH receptor Met in B. mori has a marked 
effect on the autophagic response during metamorphosis (Guo et 
al., 2012).  
As in other organisms, also in Lepidoptera Atg8 processing to 
Atg8-PE is considered the most reliable marker to assess the 
activation of autophagy. One peculiarity of lepidopteran Atg8 (as 
well as Drosophila Atg8a and Atg8b), that must be kept in mind 
when using this autophagic marker, is that it belongs to GABARAP 
protein family instead of MAP1LC3 family (Hu at al., 2010). The 
measure of Atg8-PE level as a marker of autophagy has been used 
in Lepidoptera in different settings: during development (Franzetti 
et al., 2012; Khoa and Takeda, 2012; Tian et al., 2013), under 
starvation conditions (Khoa and Takeda, 2012) and in lepidopteran 
cell lines (Gai et al., 2013). TEM analysis, ATG gene expression, 
acid phosphatase and acidotropic dyes have been also used as 
markers of autophagy in these contexts (Franzetti et al., 2012; 
Tian et al., 2013). 
 
1.7 The interplay between autophagy and apoptosis 
 
A coexistence of autophagy and apoptosis has been described in 
several biological settings but the role and the relationship 
between these two processes is usually context-specific. In 
general, two main functions have been proposed: autophagy can 
have a pro-survival role, thus inhibiting apoptosis, or it can directly 
(autophagic cell death) or indirectly (via the activation of 
apoptosis) lead to the demise of the cell (Eisenberg and Lerner, 
2009; Mariño et al., 2014). 
Different types of stress can induce both autophagy and apoptosis. 
In the case of a pro-survival role of autophagy, this process 
usually precedes apoptosis and is activated until the level of the 
stimulus is relatively low. On the contrary, apoptosis intervenes 
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when the duration or the intensity of the stress exceeds a critical 
threshold. In this case autophagy is needed by the cell to adapt to 
the stimulus. For example, this happens after the exposition to 
external factors such as scarcity of essential nutrients (starvation), 
inhibition of growth factor receptors or administration of ionizing 
radiations and chemotherapics. Intercellular signals such as the 
level or localization of p53, BH3-only proteins and JNK are other 
stimuli which regulate both autophagy and apoptosis in the same 
fashion (Pattingre et al., 2005; Tasdemir et al., 2008; Wei et al., 
2008). There are many ways in which autophagy can prevent 
apoptosis: in some settings, the selective autophagic degradation 
of mitochondria (mitophagy) can increase the resistance of the 
cells to a lethal stimulus. In fact, damaged mitochondria can be 
selectively directed to autophagosomes, thus preventing 
mitochondrial outer membrane permeabilization and the activation 
of the intrinsic apoptotic program (Youle and Narendra, 2011). 
Autophagy can also be responsible for the selective reduction of 
the levels of pro-apoptotic proteins in the cytosol, thereby 
preventing the onset of apoptosis. Once apoptosis is activated, 
pro-survival autophagy is inhibited by the caspase-mediated 
cleavage of essential components of the autophagy pathway, such 
as Atg3 (Oral et al., 2012) or Beclin1 (Wirawan et al., 2010).  
On the contrary, autophagy or essential autophagic proteins can 
promote cell demise. In these cases inhibition of autophagy 
prevents cell death. For instance, it has been proposed that 
Caspase-8 requires the presence of the autophagosomal 
membrane as a platform for its processing, and knockout of ATG 
genes reduces the activation of both Caspase-3 and 8 (Young et 
al., 2012). In Drosophila, where apoptosis is regulated mainly by 
IAPs, autophagy is able to degrade the protein dBruce thus 
activating apoptosis (Nezis et al., 2010). Moreover, developmental 
apoptosis is prevented by mutations of Atg1, Atg13 or Vps34 and 
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stimulated by the overexpression of Atg1 (Scott et al., 2007). Atg 
proteins can also contribute to lethal signaling independently from 
the activation of autophagy. One of the most significant examples 
is the calpain-mediated cleavage, and the subsequent 
translocation from the cytosol to the mitochondria, of Atg5. The 
cleaved protein can then associate with the anti-apoptotic 
molecule Bcl-xL to trigger Cytochrome c release and caspase 
activation (Yousefy et al., 2006). Other examples of Atg proteins 
involved in apoptosis induction are Atg12, which depletion reduces 
caspase activation, and Atg7, that can facilitate the onset of 
apoptosis in specific contexts (Kessel et al., 2012; Rubinstein et 
al., 2011).  
These scenarios have been postulated mainly based on studies  
performed in yeast, mammals and Drosophila, but the coexistence 
of autophagic and apoptotic features has been frequently 
described in Lepidoptera as well (Franzetti et al., 2012; Tettamanti 
et al., 2007; Tian et al., 2012; Tian et al., 2013). It is likely that 
this copresence is due to an overlap in their regulatory pathways 
also in these organisms (Romanelli et al., 2014). In fact, it has 
already been demonstrated that 20E mediates the developmental 
activation of both autophagy and apoptosis in Lepidoptera, too 
(Matsui et al., 2012; Sekimoto et al., 2006; Tian et al., 2012; Tian 
et al., 2013). Moreover, it has been proposed that the induction of 
apoptosis after 20E- or starvation-induced autophagy can be 
mediated by BmAtg5 and BmAtg6 in B. mori cell lines (Sheng Li, 
personal communication).  
 
1.8 The silkworm, Bombyx mori 
 
The experimental model used in this study is the lepidopteron B. 
mori, or mulberry silkworm. B. mori is considered the only truly 
domesticated insect that is completely dependent on humans for 
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its growth and reproduction (Goldsmith et al., 2005). The silkworm 
plays key roles in several fields: basic research, insect 
biotechnology and sericulture (Goldsmith et al., 2005). Among 
insects, its importance as a model for genetic studies is second 
only to Drosophila, due to the availability of numerous genetic and 
molecular biology tools, such as gene transfer, RNAi-mediated 
silencing, and a completely sequenced genome (Wang et al., 
2005). Moreover, it is one of the most valuable models for 
research on Lepidoptera because of the indisputable advantages 
due to the large number of information gathered on its 
developmental biology, physiology and endocrinology (Xia et al., 
2014). As a lepidopteran model organism B. mori can also be 
useful in the field of insect pest management. In fact, many 
Lepidoptera are pest insects that cause massive damages to 
economically valuable crops. The widespread use of broad 
spectrum pesticides has progressively led to pesticide resistant 
insects, a reduction in beneficial insect populations and harmful 
effects to humans and the environment. Thus, in last years, 
research has been trying to develop environmentally friendly 
strategies for the control of pests (Stevens et al., 2012). Lastly, as 
the natural source of silk, B. mori is also important for the 
sericulture industry. In fact, silk is still considered one of the most 
valuable materials for textile industries. Moreover, it has recently 
gained attention as a biomaterial with several desirable properties. 
In particular, these include biocompatibility, the possibility of being 
chemically modified, the slow rate of degradation in vivo, and the 
ability to be processed into different forms (Reddy and Prasad, 
2011). 
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1.9 The life cycle of B. mori 
 
B. mori is a holometabolous insect with a life cycle composed of 
four stages: egg, larva, pupa and adult. After the egg hatches, the 
larva goes through five larval instars separated by molts. The larva 
spends much of the time feeding on mulberry leaves (or artificial 
diets) and grows quickly. At the end of the fifth larval instar the 
caterpillar stops feeding and spins a cocoon that protects the larva 
during metamorphosis. The larva metamorphoses to pupa, and 
then to adult, in about ten days and then emerges from the cocoon 
(Fig. 6). 
 
 
Figure 6 - Life cycle of B. mori. 
 
The whole process from hatching to adult eclosion lasts about 36 
days at 25 °C. The adult does not feed and spends much of the 
time mating. The fecundated eggs are laid and need specific 
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artificial treatments to hatch in laboratory condition (Tazima, 
1978). 
 
1.10 The silkworm midgut  
 
In lepidopteran larvae, the alimentary canal has a simple structure 
constituted of three regions named the foregut, the midgut and 
the hindgut. The foregut is the most anterior part, represents a 
vestigial apparatus and is very short (Dow, 1986). The hindgut is 
subdivided in an anterior region called ileum, where the excess of 
fluid in the digested material is squeezed, and in a posterior part 
or rectum, from where the undigested materials pass out through 
the anus (Dow, 1986). The larval midgut represents the middle 
and, by far, the most extended region of the digestive tract, which 
carries out digestive and absorptive functions, and occupies most 
of the body cavity (Dow, 1986). This organ is lined by the 
peritrophic matrix that represents a selective barrier to the 
passage of molecules and protects the epithelium from mechanical 
damage, bacterial infection and toxins (Terra, 2001). The larval 
midgut is composed by a monolayered epithelium supported by a 
basal lamina, striated muscles and tracheoles. Four cell types can 
be distinguished in the midgut epithelium according to 
morphological and functional features. Columnar and goblet cells, 
which are the main cell types, are involved in the uptake and 
secretion activity, respectively (Dow, 1986). A brush-border, that 
facilitates nutrient absorption, is present on the apical membrane 
of columnar cells. Goblet cells show a large intracellular cavity that 
communicates with the lumen via an apical valve. Sparse stem 
cells, which are able to differentiate into mature columnar and 
goblet cells, are localized at the base of the epithelium (Baldwin et 
al., 1996; Hakim et al., 2010). Stem cells take part to the growth 
of the epithelium during larval-larval moults, the generation of the 
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adult midgut during metamorphosis and the regeneration of 
tissues in case of damage (Franzetti et al., 2015; Hakim et al., 
2010; Tettamanti et al., 2007). Furthermore, few and scattered 
endocrine cells, which secrete hormones, are present in the basal 
region of the epithelium (Endo and Nishiitsutsuji-Uwo, 1981). 
These cells play a role in the differentiation of stem cells and in the 
secretion of digestive enzymes (Wigglesworth, 1972).  
At the end of the fifth instar the larva enters the so-called 
wandering stage, which precedes the spinning of the cocoon. At 
this stage the larva stops feeding and gut purging occurs. During 
the spinning and prepupal phase, the midgut becomes 
progressively shorter and folds are visible on the outer surface. 
During pupal stage, the morphological modification of this organ 
continues and, after adult eclosion, a conical midgut is observed. 
Light microscopy observations revealed that these changes in the 
midgut appearance were accompanied by degeneration and 
regeneration events in the midgut tissues (Franzetti et al., 2012). 
In fact, during the wandering and spinning stage a new midgut 
epithelium (pupal-adult midgut) is formed by the proliferation and 
differentiation of stem cells. Concomitantly, the larval midgut is 
pushed towards the lumen by the newly forming epithelium and 
starts to degenerate: cells modify their morphology, lose their 
reciprocal contacts, give rise to a compact mass of cells (named 
yellow body), that progressively disappears. During the 
degeneration of larval midgut cells morphological and molecular 
features of both autophagy and apoptosis have been observed. On 
the other hand, the precise role of the two processes, as well as a 
possible interaction between them, has not been demonstrated in 
this setting. In a recent study, it has been hypothesized that 
autophagy is needed to gain nutrients and recycle materials 
derived from epithelial cells before the onset of apoptosis. These 
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molecules can be absorbed by the new adult epithelium (Franzetti 
et al., 2015) (Fig. 7). 
 
 
 
Figure 7 - Model proposed for the remodeling of the midgut during metamorphosis 
(adapted from Franzetti et al., 2015).  
 
1.11 Aim of the work  
 
The present study has three main aims: 
 
 the molecular characterization of PCD-related processes 
involved in the developmental demise of the larval midgut in B. 
mori; 
 the characterization of the regulatory pathways of 
autophagy and apoptosis in this setting; 
 the analysis of the role of apoptosis and autophagy, and 
their relationship, in the degeneration of the silkworm midgut.   
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2 MATERIALS AND METHODS 
 
2.1 Experimental animals 
 
Larvae of a B. mori four-way polyhybrid strain (126x57)(70x90) 
were provided by CRA Honey Bee and Silkworm Research Unit 
(Padova, Italy). The larvae were fed on artificial diet (Cappellozza 
et al., 2005) and reared at 25 ± 0.5 °C under a 12:12 hours 
light:dark period and 70% relative humidity. After animals had 
ecdysed to the last larval instar, they were staged and 
synchronized according to the morphological features listed in 
Table 1. 
 
Stage Definition Larval Features Midgut description 
L5D1-L5D6 Fifth larval 
instar day 1–
day 6 
The larva actively 
feeds 
The larval midgut epithelium 
is well-organized 
W Wandering 
stage 
The larva stops 
feeding; 
spinneret 
pigmentation and 
gut purging occurs 
The larval midgut epithelium 
is well-organized; stem cells 
start to proliferate 
SD1 Spinning stage 
day 1 
The larva starts 
spinning the cocoon 
The larval midgut epithelium 
starts to degenerate; stem 
cells proliferate 
SD2 Spinning stage 
day 2 
Cocoon spinning is 
completed 
The larval midgut epithelium 
detaches from the pupal 
epithelium; active formation 
of the new pupal epithelium 
PP Prepupal stage The metamorphosis 
from larva to pupa 
occurs 
The larval midgut epithelium 
is shed into the lumen 
(yellow body); the new 
pupal epithelium continues 
to grow and differentiate 
P1-P9 Pupal stage 
day 1–day 9 
Pupa Yellow body is actively 
degraded; the new pupal 
epithelium differentiates 
into the adult midgut 
 
Table 1 - Definition and description of developmental stages of the silkworm, B. 
mori, used in this study. 
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Silkworms at the desired stage were quickly anesthetized with CO2. 
Midgut dissection was performed by using a SZ30 
Stereomicroscope (Olympus, Tokio, Japan).  
 
2.2 Functional experiments  
 
In order to analyze the role and regulation of autophagy and 
apoptosis, larvae were treated with different chemicals during the 
feeding or spinning stage: 20E (Sigma, St. Louis, USA), rapamicyn 
(Sigma), z.vad.fmk (Promega, Fitchburg, USA), and chloroquine 
(Sigma). For more information on the amounts and the timing of 
each treatment in different experiments, refer to the "Results" 
section. Injections were performed in one of the prolegs (first pair) 
in order to avoid the damage of internal organs, by using a 
Hamilton 701N syringe (Hamilton, Reno, Nevada). The proleg was 
disinfected with 70% ethanol before and after the injection. Larvae 
were kept under observation for some minutes after the treatment 
to avoid possible leaks of hemolymph. Control larvae were injected 
with an equal amount of solvent. Larvae were collected 6, 24, 48 
and/or 72 hours after the treatment for morphological examination 
and molecular biology analyses (see "Results" for more 
information). 
 
2.3 Quantitative real-time PCR (qRT-PCR) 
 
Midguts were dissected, cleaned from residues of fat body and 
tracheae and immediately frozen in liquid nitrogen until use. Total 
RNA was isolated from 20-40 mg of frozen tissue using Trizol 
Reagent (Life Technologies, Carlsbad, USA) according to 
manufacturer’s instructions with only slight modifications. RNA was 
treated with TURBO DNA-free Kit (Life technologies) to remove 
possible genomic DNA contaminations and integrity was assessed 
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by electrophoresis. RNA was retrotranscribed to cDNA using M-MLV 
reverse transcriptase (Life Technologies). Primers used for qRT-
PCR are listed in Table 2.  
 
        Gene                  Genbank number                       Primer sequences 
BmATG1 NM_001309546.1 
F: CCCCGCCTATGTCTATGTTG 
R: ATCTGATGGGTGGGAGTACG 
BmATG8 NM_001046779.1 
F: CCAGATCGCGTTCCTGTAAT 
R: GAGACCCCATTGTTGCAGAT 
BmCASPASE-1 NM_001043585 
F: GCCTGTCGAAAGATACGCTC 
R: CACAGCAACCAGCAGACAAT 
BmCASPASE-5 NM_001195467.1 
F: TCGCCATCCCGTGCTTTC 
R: GTTGACCCCGTCCCTGTTG 
BmRP49 NM_001098282.1 
F: AGGCATCAATCGGATCGCTATG 
R: TTGTGAACTAGGACCTTACGGAATC 
Table 2 - Accession number and primer sequences used for the amplification of 
apoptosis- and autophagy-related genes.  
 
qRT-PCR was performed using the iTaq Universal SYBR Green 
Supermix (Biorad, Hercules, USA) and a 96-well CFX Connect 
Real-Time PCR Detection System (Biorad). 2^-ΔΔCt method, with 
BmRP49 as a housekeeping gene, was used to calculate the 
relative expression of the genes of interest. Efficiency of the 
reaction amplification for each couple of primers was tested and 
adjusted to be in the range of 90-105%. BmRP49 was reported to 
be stable across developmental stages in B. mori (Teng et al., 
2012) and used in previous studies on silkworm metamorphosis 
(Tian et al., 2012; Tian et al., 2013). Each value was the result of 
experiments performed on midguts isolated from 3 to 8 series of 
animals. Statistical analysis was performed using Student’s T-Test 
or Anova followed by Tukey HSD test.   
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2.4 Evaluation of anti-Gabarap antibody  
 
BmAtg8 recombinant protein was expressed in 
BL21DE3/pET28+BmAtg8 bacteria (Franzetti et al., 2012). 
pET28+BmAtg8 expression vector was provided by Prof. Congzhao 
Zhou (University of Science and Technology of China). The anti-
HsGabarap antibody (Abcam, Cambridge, UK) was tested against 
BmAtg8 recombinant protein and silkworm tissue protein extracts 
by immunoblotting.  
 
2.5 Western blot analysis 
 
Midgut dissection and storage was performed as described above 
for qRT-PCR samples. For western blot analysis, total proteins 
were extracted as follows. 20-60 mg of midgut tissue was 
homogenized with a T10 basic ULTRA-TURRAX (IKA, Staufen, 
Germany) in 10 µl/mg tissue of RIPA buffer (150 mM NaCl, 2% 
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 
8.0), freshly added with 1X protease inhibitor cocktail (Thermo 
Fisher Scientific, Waltham, USA) and phosphatase inhibitors (1mM 
sodium orthovanadate, 5mM sodium fluoride). Homogenates were 
clarified by centrifugation (15000 × g for 15 min at 4 °C). Proteins 
were mixed with 2X gel loading buffer and denatured by heating 
the samples at 98 °C for 5 min. SDS-PAGE was performed on a 
12% tris-glicine or 10% tris-tricine acrylamide gel by loading 40 
μg protein per lane. After electrophoresis, the proteins were 
transferred to 0.45 µm nitrocellulose (Thermo Fisher Scientific) or 
0.45 µm PVDF membranes (Merck Millipore, Billerica, USA). 
Membranes were saturated with a solution of 5% milk for 1 hour at 
room temperature and subsequently incubated with primary 
antibodies anti-Gabarap diluted 1:2500, anti-p4EBP1 (Cell 
Signalling, Danvers, USA) diluted 1:1000, anti-Caspase-3 (Cell 
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Signalling) diluted 1:1000, anti-Cleaved Caspase-3 (Cell 
Signalling) diluted 1:1000 for 2 hours at room temperature. 
Antigens were revealed with an appropriate HRP-conjugated 
secondary antibody (Jackson Immuno Research Laboratory, West 
Grove, USA) diluted 1:7500 (anti-rabbit) or 1:5000 (anti-mouse). 
Immunoreactivity was detected with SuperSignal West Pico 
Substrate (Thermo Fisher Scientific). Anti-Gapdh (Proteintech, 
Chicago, USA) diluted 1:2500 or anti-Tubulin (Sigma) diluted 
1:10000 antibodies were used for housekeeping proteins 
detection. Since the use of "housekeeping proteins’" as internal 
standards was unsuitable when comparing different developmental 
stages (Franzetti et al., 2012), we adopted a Coomassie staining 
procedure (Welinder et al., 2011) to assess equal gel loading and 
blotting efficiency.  
 
2.6 Immunofluorescence  
 
Midguts were excised from the animal and fixed in 4% 
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 
7.2) for 3 hours at room temperature. Specimens were dehydrated 
in an ethanol series and embedded in paraffin. Sections (8-10 μm 
thick) were cut with a Jung Multicut 2045 microtome (Leica, 
Nussolch, Germany) and used for immunostainings. Sections were 
deparaffinized with xylene, rehydrated in an ethanol series and 
were then blocked with a solution of 2% BSA and 0.1% Tween in 
PBS for 30 min and subsequently incubated with anti-Gabarap 
antibody (1:250) for 2 hours at room temperature. After washing 
with PBS, sections were incubated for 1 hour with a Cy5-
conjugated rabbit antibody (Abcam) at a concentration of 1:100. 
Samples were observed using a Nikon Eclipse Ni-U fluorescence 
microscope (Nikon, Tokyo, Japan). Images were acquired with a 
Nikon DS-5 M-L1 digital camera system (Nikon).  
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2.7 Acid phosphatase activity assay 
 
Midgut dissection and storage was performed as described above 
for qRT-PCR samples. Midguts were dissected on ice and, after a 
rinse in a sterile Saline Solution for Lepidoptera (SSL) (210 mM 
sucrose, 45 mM KCl, 10 mM Tris–HCl, pH 7.0), were stored in 
liquid nitrogen until use. After being thawed, midguts were 
homogenized in 10 µl/µg of tissue of the following homogenization 
buffer: 100 mM mannitol, 10 mM HEPES-Tris at pH 7.2. A protease 
inhibitor cocktail (Thermo Fisher Scientific) was added freshly 
before the homogenization procedure. The protein concentration in 
the homogenates was determined using the Bradford assay 
(Bradford, 1976), with BSA as a standard. The enzyme activity in 
the homogenates was assayed in a reaction volume of 250 µl of 
7.6 mM 4-nitrophenyl phosphate in citrate buffer (45.9 mM, pH 
4.9) for 30 min, according to the method reported by Moss (1983). 
The reaction was performed at 25 °C and stopped by adding 1 ml 
of 0.1 M sodium hydroxide. Color development was determined at 
405 nm using an Infinite F200 96-well plate-reader (Tecan, 
Männedorf, Switzerland). Each value was the result of experiments 
performed on 3 to 6 series of midguts. Statistical analysis was 
performed using Student’s t-test or Anova followed by Tukey HSD 
test.   
 
2.8 Analysis of caspase release 
 
For the detection of caspase release, yellow body were extracted 
from pupal midguts, added to one volume of SSL and centrifuged 
for 5 min at 100 x g to separate the cells from the extracellular 
content. The two fractions (pellet and supernatant) were added to 
100 μl of RIPA buffer, incubated for 1 hour and centrifuged at 
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15000 x g for 15 min at 4 °C. The supernatant was recovered and 
the proteins were quantified. Immunoblotting of BmCaspase-1 and 
BmGapdh was performed using the same protocol described in the 
"western blot analysis" section. In this experiment, anti-Gapdh 
was not used as a loading control (Franzetti et al., 2012) but 
rather as a marker to verify appropriate manipulation of the yellow 
body cells. 
 
2.9 Light microscopy (LM), transmission electron microscopy 
(TEM), and scanning electron microscopy (SEM) 
 
Midguts were dissected and fixed overnight in 4% glutaraldehyde 
in 0.1 M sodium cacodylate buffer, pH 7.2 at 4 °C. Specimens were 
then postfixed in 1% osmium tetroxide for 1 hour, dehydrated in 
an ethanol series, and embedded in an Epon/Araldite 812 mixture. 
Semithin (0.75 µm) and thin (70 nm) sections were obtained using 
a Leica Reichert Ultracut (Leica). Sections were stained with crystal 
violet and basic fuchsin and observed by using a Nikon Eclipse Ni-U 
microscope. Images were acquired with a Nikon DS-5M-L1 digital 
camera system. Thin sections were mounted on copper grids (200 
meshes), stained using uranyl acetate and lead citrate and 
observed by using a Jeol JEM-1010 electron microscope (Jeol, 
Tokyo, Japan). Images were acquired by an Olympus Morada 
digital camera.  
For SEM analysis, yellow body cells extracted from pupal midguts 
were fixed with 1% glutaraldehyde in 0.1 M Na-cacodylate buffer 
and postfixed in a solution of 1% osmium tetroxide and 1.25% 
potassium ferrocyanide for 1 hour at room temperature. Samples 
were embedded in polyfreeze cryostat embedding medium and 
stored at -80 °C; cryosections were washed in PBS and postfixed 
in the same solution of 1% osmium tetroxide and 1.25% 
potassium ferrocyanide for 30 min. Samples were washed in PBS  
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and then immersed in 0.1% osmium tetroxide in PBS for 48 hours. 
Slices were dehydrated in an increasing series of ethanol and 
subjected to critical point drying with CO2. Dried slices were 
mounted on stubs, gold coated with a sputter K250 coater, and 
then observed with a Philips SEM-FEG XL-30 microscope (Philips, 
Eindhoven, The Netherland). 
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3 RESULTS 
 
3.1 Analysis of autophagy in the midgut of B. mori during 
metamorphosis 
 
In a previous work from our group (Franzetti et. al., 2012), the 
presence of autophagic features in the midgut of B. mori during 
metamorphosis was reported. On the other hand, the precise 
timing of autophagy activation was only hypothesized. To 
overcome this limit, we first analyzed the expression of some 
autophagic genes at different time points by qRT-PCR, starting 
from fifth larval instar up to the pupal stage. In particular, we 
evaluated the expression of BmATG8, a gene encoding an 
autophagosomal protein that is routinely used as a marker of the 
autophagic flux, and BmATG1, a gene encoding a regulatory 
protein that is considered the most upstream activator of 
autophagosome formation. BmRP49 was used as a reference for 
the analysis since, in preliminary experiments, it demonstrated to 
be stable across the whole sample range. The levels of BmATG8 
mRNA started to increase from W stage and reached a peak of 
expression at SD1 (Fig. 8A). The levels of BmATG1 mRNA showed 
a pattern similar to that of BmATG8 until SD1. After a decrease at 
SD2 and PP stage, BmATG1 expression showed a new maximum 
during the first days of the pupal stage (P3) (Fig. 8B). Since the 
analysis of the mRNA expression levels of the two genes confirmed 
the activation of autophagy in the midgut during metamorphosis, 
we monitored the autophagic flux by using a specific marker, i.e., 
Atg8. To this aim, we assayed a commercial anti-Gabarap antibody 
as a tool to recognize both BmAtg8 and BmAtg8-PE in B. mori. 
This antibody was selected for two reasons: i) BmAtg8 belongs to 
the Gabarap protein family; ii) sequence alignment of HsGabarap 
(NP_009209.1) and BmAtg8 (NP_001040244.1) proteins showed 
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91% identity (Fig. 9A). Western blot analysis demonstrated that 
the antibody specifically reacted with a B. mori Atg8 recombinant 
protein produced by using BL21DE3/pET28+BmAtg8 bacteria, and 
detected a 16 kDa band. On the other hand, the antibody did not 
recognize any proteins in BL21DE3/pET28 negative control 
bacteria. By testing protein extracts obtained from silkworm 
midgut, the antibody recognized a 16 kDa band (BmAtg8), as well 
as a second 14 kDa band (BmAtg8-PE). The antibody proved to be 
very specific and no additional bands were detected at molecular 
weights other than those reported (Fig. 9B). Western blot analysis 
of midgut samples at different time points showed an increase in 
the levels of BmAtg8-PE at SD2 stage (Fig. 9C), with a delay of 
about 24 hours compared to the pattern observed for BmATG8 
mRNA expression (Fig. 8A). After PP stage, the expression of the 
protein dropped significantly. It is important to note that BmAtg8 
did not show the same expression pattern of BmAtg8-PE: in fact, 
this protein was detected at relatively high levels already at larval 
stage, while it decreased during the pupal stage. Immunostainings 
evidenced the localization of BmAtg8 on the autophagosomal 
compartments. In fact, BmAtg8-positive puncta were observed in 
the midgut epithelium during SD2, thus demonstrating the 
presence of autophagic vesicles in the midgut tissue at this 
developmental stage (Fig. 9E). Conversely, scarce BmAtg8-positive 
puncta were visible in L5D5 samples (Fig. 9D). TEM analysis 
confirmed the presence of a significant amount of autophagosomes 
at SD2. In fact at this stage abundant structures delimited by a 
double membrane, and containing cytoplasmic material and 
organelles, were identified in midgut cells (Fig. 9F), while these 
compartments were very rare during the larval stage (L5D5). The 
analysis of the activity of acid phosphatase confirmed an 
involvement of lysosomes in this setting. In detail, the activity of 
this enzyme increased from W stage, reached a peak during SD2  
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and then decreased at PP stage (Fig. 9G), thus overlapping the 
trend observed in the BmAtg8-PE expression. 
Collectively, these data demonstrate that the transcriptional 
induction of the autophagic process in B. mori midgut starts at W-
SD1 stage. Moreover, the highest levels of autophagy are 
observed at SD2 stage, as indicated by the expression of BmAtg8-
PE and the activity of acid phosphatase. 
 
3.2 Analysis of apoptosis in the midgut of B. mori during 
metamorphosis 
 
Franzetti et al. (2012) reported a co-existence of autophagic and 
apoptotic features during the degeneration of the larval midgut in 
B. mori. We thus analyzed different apoptotic markers to better 
characterize apoptosis in the midgut cells undergoing 
degeneration. In particular, we evaluated the mRNA expression of 
an effector caspase, BmCASPASE-1, and an initiator caspase, 
BmCASPASE-5. Caspase-1 is the homolog of Drosophila Drice and 
Dcp-1, and is thus considered the main effector caspase in 
Lepidoptera (Courtiade et al., 2011). Caspase-5, on the other 
hand, is the lepidopteran homolog of Drosophila Dronc (Courtiade 
et al., 2011), an essential initiator caspase involved in 
developmental apoptosis and highly transcribed during 
metamorphosis (Cakouros et al., 2004; Daish et al., 2004). 
BmCASPASE-1 gene was strikingly upregulated during W-SD1, 
compared to the last larval stage. The expression of this gene 
strongly decreased during SD2, but reached a second, lower peak 
during the first day of the pupal stage (P1). BmCASPASE-1 gene 
expression then slowly decreased during the following pupal days 
(Fig. 10A). The expression pattern of the initiator caspase 
BmCASPASE-5 resembled that of BmCASPASE-1 with two peaks at 
W and P1 stage. However the increase in mRNA levels of 
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BmCASPASE-5 during W stage was lower than BmCASPASE-1 (~4 
folds versus ~35 folds) (Fig. 10B). Since the production of active 
caspases requires the cleavage of a zymogen (procaspase), we 
evaluated the expression levels of both uncleaved and cleaved 
BmCaspase-1 protein in midgut cells. The anti-cleaved Caspase-3 
antibody used in this work was already described to recognize 
Drosophila caspases in previous studies (Baum et al., 2007; Fan 
and Bergman, 2010; Xu et al., 2008). Among B. mori caspases, 
the epitope recognized by the antibody (ETD; Fan and Bergman, 
2010) was present only within BmCaspase-1 sequence (Fig. 10C). 
The protein detected by the antibody in protein extracts obtained 
from silkworm midgut was at the expected molecular weight (17 
kDa), confirming the specificity of this antiserum for cleaved 
Caspase-1, and making us confident about its use to recognize the 
protein of our interest. The antibody used to recognize the 
uncleaved form of BmCaspase-1 detected a 25 kDa band, that was 
comparable with the expected molecular weight of the inactive p25 
Caspase-1 intermediate (Liu et al., 2005). No expression of 
cleaved BmCaspase-1 could be observed in midgut tissues until 
SD2 stage. The activated effector caspase was highly expressed at 
PP stage, while, after a decrease at P1, it increased again at P3. 
No caspase activity was detected during the last pupal days (Fig. 
10D). This pattern of activation was very similar, although delayed 
of about 48 hours, to that of BmCASPASE-1 mRNA (Fig. 10A). On 
the other hand, the uncleaved BmCaspase-1 form (p25) could be 
detected since W stage up to P3 (Fig. 10E).  
These data collectively show that the transcriptional induction of 
the apoptotic machinery occurs at W-SD1 stage. Starting from W 
stage, the presence of uncleaved BmCaspase-1 can be detected in 
the midgut tissues. However the strong activation of this effector 
caspase is observed only 48 hours later, at PP stage. 
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Subsequently, a lower peak of caspase expression and activation is 
visible at P1 and P3 stage, respectively.  
Under in vivo conditions, apoptotic cells are usually removed by 
professional phagocytes. When they are not available, the natural 
outcome of apoptosis is secondary necrosis. The release of 
caspases in the extracellular environment is considered an 
undisputable marker of secondary necrosis (Silva et al., 2010). 
Given that phagocytes were not observed in midgut lumen, we 
hypothesized that degenerating cells within the yellow body 
undergo secondary necrosis. This hypothesis was verified by SEM 
analysis that showed membrane ruptures in yellow body cells (P3 
stage) (Fig. 11A). Moreover, we tested whether these cells 
released activated caspases in the lumen of the new pupal midgut, 
where they are localized. Cleaved BmCaspase-1 was observed 
both inside and outside of the yellow body cells. A differential 
signal for Gapdh in the two fractions (cells and supernatant) 
demonstrated that the release of caspases was not due to 
technical artifacts (i.e., inappropriate manipulation of the cells that 
could break them and mix the inner and outer cell compartment) 
(Fig. 11B).  
In summary, we can conclude that in B. mori midgut the induction 
of autophagy (SD1-SD2 stage) precedes caspase activation of 24-
48 hours (PP stage). Apoptosis remains active during the following 
pupal days and a second pulse of caspase activation is observed at 
P3 stage. Once apoptosis is activated, degenerating cells within the 
yellow body undergo secondary necrosis and release their 
cytoplasmic content within the lumen of the pupal midgut. 
 
3.3 Regulation of autophagy by 20E 
 
20E is one of the major regulators of development in insects and it 
has been linked to the induction of autophagy in the silkworm fat 
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body (Tian et al., 2013). As described above, we observed that the 
transcription of autophagic genes is triggered concurrently with the 
increase of 20E titer in the hemolymph (commitment peak) 
(Satake et al., 1998; Truman and Riddiford, 1999). However, a 
causal relationship between the two events in midgut needed to be 
proved. We therefore analyzed the mechanism of induction of 
autophagy by ecdysone in this tissue, by injecting fifth instar 
larvae with 20E. According to preliminary assays in which different 
amounts of 20E were tested (1-50 µg/larva), we decided to inject 
10 µg/larva in the following experiments. This was, in fact, the 
lowest amount of 20E able to induce a strong pigmentation of the 
silk-spinning apparatus (spinneret), cessation of feeding and gut 
purging once injected in fifth instar larvae. These effects were 
identical to those observed in larvae at wandering stage, when the 
physiological 20E peak occurs. To verify if the autophagic process 
was transcriptionally activated by 20E administration, we 
measured the expression of BmATG1 and BmATG8. The expression 
of BmATG8 was upregulated 6 hours after the hormone injection 
but returned to levels comparable with the controls 24 and 48 
hours following the treatment (Fig. 12A). The levels of BmATG1 
mRNA were increased both 6 and 24 hours after the treatment 
with 20E. 48 hours after the injection, the expression decreased to 
a level lower than the controls (Fig. 12B). Since these experiments 
confirmed the overexpression of ATG genes following 20E 
treatment, we analyzed the expression of Atg8-PE to assess 
whether the autophagic process was activated by the hormone 
injection. A strong increase of BmAtg8-PE was observed 6 and 24 
hours after the hormone treatment (Fig. 12C). The complete 
induction of autophagy was confirmed by measuring the activity of 
acid phosphatase, which increased 24 and 48 hours following the 
treatment (Fig. 12D). From these experiments we can conclude 
that 20E is able to upregulate ATG genes and activate the 
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autophagic flux. In the literature it is reported that 20E 
dephosphorylates the protein Tor both in Drosophila and B. mori 
fat body, thus eliciting the induction of the autophagic process 
(Rusten et al., 2004; Tian et al., 2013). However it was also 
reported that 20E can activate autophagy acting independently 
from Tor pathway inhibition (Tian et al., 2013). In order to verify 
an involvement of the Torc1 complex in the 20E-induced 
autophagic process in midgut cells, we evaluated the activity of 
this complex by measuring the phosphorylation levels of its target, 
4ebp1. Western blot analyses showed that Torc1 activity 
significantly decreased after the treatment of the larvae with 20E. 
These data demonstrate that the induction of autophagy by 20E is 
mediated by Torc1 (Fig. 12E). To verify whether the effect of 20E 
is achieved exclusively through Torc1 recruitment, we evaluated 
the effects of the inhibition of this complex on the induction of 
autophagy. To this aim we injected rapamycin (10 µg/larva) (Tian 
et al., 2013). The levels of phosphorylated 4ebp1 showed a strong 
decrease, similar to that observed after the injection of 20E, both 
6 and 24 hours after rapamycin administration, confirming that the 
treatment was effective (Fig. 13A). Injection of rapamycin during 
the last larval instar determined an increase in the expression of 
BmATG8 at 6 and 24 hours after the administration (Fig. 13B). On 
the other hand, rapamycin was not able to induce the expression 
of BmATG1 (Fig. 13C). Surprisingly, BmAtg8-PE levels showed a 
decrease 6 hours following the treatment and even a more 
pronounced effect was observed after 24 hours (Fig. 13D). The 
activity of acid phosphatase did not show a significant increase 
after rapamycin injection (Fig. 13E), confirming the occurrence of 
an incomplete autophagic response.  
From these data we can conclude that 20E acts on more than one 
targets, comprising Torc1, to regulate autophagy.  
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3.4 Regulation of apoptosis by 20E 
 
Similarly to ATG genes, we observed that also the transcription of 
apoptotic genes was upregulated during metamorphosis in 
concomitance with the rise of 20E titer in the hemolymph (Satake 
et al., 1998; Truman and Riddiford, 1999). Manaboon et al. (2008) 
hypothesized that, in the silkworm anterior silk gland, the first 
pulse of ecdysone (commitment peak) is able to stimulate a 
genomic response (upregulation of apoptotic gene transcription), 
while the second pulse (metamorphic peak) activates a non-
genomic response of apoptosis (activation of caspases). To study 
the effects of 20E on the apoptotic induction in midgut cells, we 
conceived a set of experiments based on the injection of this 
hormone (10 µg/larva) during the last larval instar. The injection 
of a single dose of 20E led to the upregulation of BmCASPASE-1 
gene 6 hours later. 24 hours after the administration of 20E the 
mRNA levels of this gene decreased, remaining however higher 
than the controls. 48 hours following the treatment, gene 
expression returned to levels comparable to control larvae (Fig. 
14A). On the other hand, no appreciable upregulation of the 
initiator caspase gene, BmCASPASE-5, was observed after 
ecdysone treatment (Fig. 14B). Given the transcriptional pattern of 
BmCASPASE-1 following 20E administration, we decided to analyze 
the activation of this effector caspase at a protein level. A single 
dose of 20E was not able to activate this caspase, up to 72 hours 
following the injection, in none of the treated larvae (Fig. 14C). 
These data clearly show that, under physiological conditions, the 
20E commitment peak can upregulate BmCASPASE-1 expression, 
but it cannot activate BmCaspase-1 protein. To confirm the 
hypothesis that apoptosis is induced by the 20E pupal peak, we 
conceived an injection protocol to mimic the physiological pattern 
of ecdysone levels that occurs in the larva during metamorphosis: 
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to this aim we performed a second injection of 20E (50 µg/larva) 
24 hours after the first hormone administration. Although different 
concentrations of hormone were tested (10-100 µg/larva), this 
amount was chosen to obtain a significant rise in 20E titer in the 
hemolymph and to reproduce the 20E metamorphic peak, without 
any toxic effects. As a result of the double administration of 20E, a 
strong activation of BmCaspase-1 was observed in 30% of the 
larvae. On the contrary no expression of caspases was observed in 
any of the larvae treated with a single injection of 20E (10 µg or 
50 µg 20E/larva) (Fig. 14D). Our data confirm that, during 
metamorphosis, the first rise in 20E titer within the hemolymph 
(commitment peak) is needed to upregulate the expression of 
apoptotic genes, while activation of caspases is triggered only after 
the occurrence of the second 20E peak (metamorphic peak). 
 
3.5 Role of autophagy in midgut degeneration 
 
In the silkworm midgut, as in other developmental contexts, 
autophagy precedes apoptosis but its role as a pro-survival or pro-
death mechanism is still a matter of debate. To get insights into 
the role of this process in degenerating midgut cells, we inhibited 
autophagy by using chloroquine. Chloroquine is a widely used 
autophagy inhibitor acting on the lysosome-autophagosome fusion 
step, thus blocking the autophagic flux. Different amounts of this 
inhibitor were tested (100 µg - 2 mg/larva) and 1 mg/larva was 
assessed to be the highest concentration that could be used 
without the induction of any toxic effects, such as mortality of the 
larvae and/or abnormal development of the pupal midgut 
epithelium. Larvae were injected at the beginning of autophagy 
activation (SD1 stage). TEM analysis performed on larvae treated 
with chloroquine showed an accumulation of a great quantity of 
vesicles in midgut cells, 72 hours after the administration (Fig. 
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15B) compared to controls (P1 stage) (Fig. 15A). According to 
their size, morphology and content, they could be classified as 
autophagy-related structures (Fig. 15C). Moreover, Atg8-PE levels 
(Fig. 15D), as well as the activity of acid phosphatase (Fig. 15E), 
increased in treated larvae compared to controls. These results 
demonstrate the efficacy of chloroquine in blocking the autophagic 
flux in midgut tissues and the consequent accumulation of both 
autophagosome and lysosomes in these cells. While the 
morphology of the new pupal epithelium did not show any 
difference in larvae injected with chloroquine, the organization of 
the yellow body appeared different between control and treated 
larvae. In fact, although the yellow body of control pupae 
underwent degeneration, its overall structure was still partially 
conserved (Fig. 15F). On the other hand, in treated larvae, the old 
epithelium showed a higher degree of degeneration than controls 
and no tissue structure was retained (Fig. 15G). Furthermore, 
western blot analysis showed an increase in the levels of cleaved 
BmCaspase-1 in larvae treated with the autophagy inhibitor (Fig. 
15H). 
The data collected demonstrate that inhibition of autophagy 
determines the accumulation of higher levels of caspases and a 
stronger degeneration of midgut cells. This suggests a pro-survival 
role of autophagy in this larval tissue. 
 
3.6 Role of apoptosis in midgut degeneration 
 
Apoptosis is considered the key player of tissue degeneration 
during development. On the other hand, activation of caspases is 
not always necessary for the removal of larval organs during insect 
metamorphosis (Denton et al., 2009). In order to collect 
information on this aspect, we blocked the activation of caspases 
by using z.vad.fmk, a pan-caspase inhibitor. This chemical is able 
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to selectively and irreversibly inhibit the activity of both initiator 
and effector caspases, thus blocking most of the apoptotic 
responses. Larvae were injected at SD1 or SD2 stage, just before 
the activation of BmCaspase-1, and the effects were evaluated at 
PP, P1 P3 and P9 stage. In preliminary assays, cleaved 
BmCaspase-1 was used as a marker to assess the best 
concentration of z.vad.fmk to be used in the following 
experiments. 25 µg/larva was chosen as the lowest amount of 
inhibitor able to completely suppress the activation of BmCaspase-
1 (Fig. 16A). Neither mortality nor toxic effects were observed in 
larvae injected with this dose of z.vad.fmk. Larvae treated at SD2 
with the caspase inhibitor showed undetectable levels of cleaved 
BmCaspase-1 24, 48 and even 96 hours after the treatment (PP, 
P1 and P3 stage, respectively) (Fig. 16B). TEM analysis revealed 
the presence of a limited number of apoptotic nuclei in these 
larvae (Fig. 16E) compared to controls (Fig. 16D), thus confirming 
a strong and specific inhibition of apoptosis after the treatment 
with z.vad.fmk. On the other hand, we observed an incomplete 
inhibition of caspases at PP stage when the larvae were treated 
with the inhibitor at SD1 stage (Fig. 16C). These results indicate 
that z.vad.fmk loses most of its activity within 24 hours after the 
injection, thus demonstrating that the timing of the treatment is 
crucial. The inhibition observed at 48 and 96 hours, in larvae 
treated at SD2 stage, can not be therefore explained by the 
persistence of z.vad.fmk in the hemolymph. Consequently, we 
hypothesize that the caspase activity observed during the pupal 
stage completely depends on the first wave of caspase activation 
that occurs at PP stage.  
A significant alteration in the appearance of the larval midgut 
epithelium was visible in larvae treated with z.vad.fmk at SD2. In 
fact, while in control P3 pupae (Fig. 16F) the larval epithelium 
clearly showed a degenerated morphology, this tissue still 
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possessed an epithelial-like structure in treated animals (Fig. 16G). 
The effect of caspase inhibition was even stronger at P9 stage. In 
fact, while in control larvae (Fig. 16H) only debris and small cell 
clusters undergoing degeneration were visible, larvae injected with 
z.vad.fmk still retained a larval midgut characterized by epithelial-
like morphology (Fig. 16I). The morphology of the new pupal 
epithelium was comparable in control and treated animals, and no 
alteration was observed in the latter. Our experiments collectively 
demonstrate that apoptosis is the key process that drives larval 
midgut degeneration during silkworm metamorphosis. 
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4 DISCUSSION 
 
Previous work has described the occurrence of autophagy and 
apoptosis in the larval organs of Lepidoptera (Franzetti et al., 
2012; Khoa and Takeda, 2012; Tettamanti et al., 2007; Tian et 
al., 2012; Tian et al., 2013). However the role of autophagy, as 
well as its relationship with apoptosis, are troublesome and still a 
subject of debate. This is mainly due to the fact that the two 
processes show peculiar features in tissues and organs of these 
insects and their role seems to be context-dependent. With the 
aim to overcome this gap of knowledge, we analyzed the timing of 
occurrence of autophagy and apoptosis during the demise of 
silkworm midgut. Moreover, we performed functional experiments, 
by using activators and inhibitors of the two processes, to get 
insights into their regulatory mechanisms. To our knowledge this is 
the first study that investigates in detail both autophagy and 
apoptosis, their regulation, as well as their functional relationship 
in an in vivo lepidopteran model. 
 
4.1 Autophagy and apoptosis are activated during the 
degeneration of the larval midgut 
 
The appropriate criteria to assess the activation of autophagy are 
often a matter of debate, especially when unconventional model 
systems are used. In fact, there are no absolute criteria for 
determining autophagic status that are applicable in every 
biological or experimental context (Klionsky et al., 2012). In order 
to assess the activation of autophagy and to follow the autophagic 
flux during metamorphosis, we tested different direct (expression 
of Atg8-PE) and indirect (mRNA expression of ATG genes and 
activity of acid phosphatase) markers in B. mori midgut.  
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We demonstrated that the transcriptional activation of two key 
ATG genes (BmATG1 and BmATG8) in this organ occurs at the 
beginning of metamorphosis. In previous studies on silkworm 
midgut, the upregulation of autophagy-related genes was 
correlated with a response to starvation induced by cessation of 
feeding, which takes place at the end of the last larval instar 
(Casati et al., 2012; Franzetti et al., 2012). In particular, here we 
show that, following the upregulation of the genes belonging to the 
autophagic machinery is triggered, the autophagic flux is 
activated. So, even though Klionsky et al. (2012) in their 
guidelines on autophagy reported that assessing the mRNA levels 
of autophagy-related genes may provide only correlative data 
related to the induction of autophagy, our results confirm that, in 
our experimental model, the overexpression of ATG genes 
precedes the induction of autophagy and can be therefore 
considered as an indirect marker of this process at least in some 
settings. In addition, our data confirm that autophagy is involved 
in the developmental remodeling of B. mori midgut during 
metamorphosis, as shown also for H. virescens (Tettamanti et al., 
2007), M. sexta (Muller et al., 2004) and Drosophila (Denton et 
al., 2009) midgut, as well as other silkworm organs (Li et al., 
2010; Tian et al., 2013). 
The analysis of caspase mRNA levels performed in the current 
work demonstrates that apoptosis is activated at transcriptional 
level concomitantly with the upregulation of ATG genes. 
Conversely, the activation of effector caspases is observed only 
from the prepupal stage. Moreover a consequent, but lower, rise of 
transcriptional and functional activation of apoptosis is observed 
during the first days of the pupal stage. We hypothesize that the 
presence of two rounds of caspase activation could be due to a 
differential timing in the demise of different midgut regions or cell 
types (e.g., columnar vs. goblet cells). This hypothesis is 
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corroborated by a previous study on the midgut of Galleria 
mellonella, where three different apoptotic waves, necessary for 
the degeneration of distinct parts of the midgut epithelium, were 
reported (Khoa et al., 2012). 
Although in silkworm the apoptotic process is characterized by 
typical features such as the activation of caspases, DNA 
fragmentation and nuclear pyknosis, we did not find any evidence 
of phagocytes that can remove apoptotic bodies in the midgut 
tissues (Franzetti et al., 2012). For this reason, we hypothesized 
that the final demise of yellow body cells could occur by secondary 
necrosis, a process that represents the natural outcome of 
apoptosis when scavengers are not available to remove apoptotic 
bodies. Generally this process occurs in vivo when apoptotic cells 
are localized in territories topologically outside the organism, such 
as the gut or the airway lumen and is characterized by damage of 
plasma membrane and terminal cell disintegration (Silva, 2010). 
In silkworm midgut, the rupture of cell membrane and the release 
of activated caspases from damaged yellow body cells in the outer 
environment are undisputable evidence of secondary necrosis 
(Silva, 2010), thus substantiating our hypothesis. Due to the loss 
of membrane integrity, yellow body cells release their cytoplasmic 
content, which is essentially composed of debris and products of 
cell degradation generated by death processes, in the extracellular 
environment, i.e., the lumen of the new pupal-adult midgut. 
Released molecules are thus made available for absorption by the 
newly forming pupal midgut (Franzetti et al., 2015). 
 
4.2 20E regulates both autophagy and apoptosis during 
metamorphosis 
 
20E is usually regarded as a regulator of autophagy in various 
insect models. Similarly to what happens in the Drosophila fat 
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body (Rusten et al., 2004), it was demonstrated that autophagy 
can be stimulated by 20E in the fat body of B. mori: this hormone 
is able to increase autophagy by inhibiting the Tor pathway, thus 
allowing the activation of the downstream Atg1 complex (Tian et 
al., 2013). 
Our results demonstrate that 20E can trigger autophagy in the 
midgut of B. mori during metamorphosis. In particular, the 
activation of autophagy is mediated by the first rise of 20E in the 
hemolymph (20E commitment peak). We also demonstrate that 
Torc1 is involved in the molecular response to 20E, similarly to 
what happens in Drosophila (Rusten et al., 2004) and B. mori 
(Tian et al., 2013) fat body. Anyway, Torc1 inhibition alone is not 
sufficient to activate a full autophagic response, suggesting that 
20E acts concurrently on more than one targets. Unlike 20E, 
rapamycin fails in stimulating the expression of BmATG1. This 
result is consistent with the presence of an Ecdysone Response 
Element in the promoter of this gene (Tian et al., 2013), that likely 
permits its transcriptional regulation without the involvement of 
the Tor pathway. For these reasons, we hypothesize that Torc1 is 
involved in the activation of autophagy, but it can not induce the 
production of all the components needed for a full autophagic 
response. Thus, following rapamycin treatment, the autophagic 
flux is activated and BmAtg8-PE, previously localized on 
autophagosomal membranes, is degraded within autolysosomes; 
in this setting, since no de novo synthesis of autophagosomes 
occurs after the depletion of one or more autophagic components, 
the final outcome is an overall decrease in the BmAtg8-PE levels. 
These results demonstrate that for a proper evaluation of 
autophagic markers, such as BmAtg8-PE, it must be considered 
that autophagy is a dynamic and multi-step process that can be 
modulated at different points. In accordance with our results, Tian 
et al. (2013) showed that injection of rapamycin in feeding larvae 
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moderately induces autophagy, but the effects elicited are weaker 
than those obtained by 20E administration. Also in that case the 
authors hypothesized that the insufficient upregulation of some 
critical ATG genes by rapamycin injection was responsible for this 
outcome. In addition, reduced Atg8-PE levels were also observed 
in Sl-HP lepidopteran cells where autophagy was induced by amino 
acid starvation. The authors hypothesized that starvation does not 
induce autophagosome formation in these cells, but accelerates 
autophagosome–autolysosome maturation (Gai et al., 2013).   
Since the temporal pattern of the apoptotic process differed from 
that of autophagy, we conceived a set of experiments to 
investigate the role of 20E in the regulation of apoptosis. Our 
results show that a single 20E administration is able to upregulate 
BmCASPASE-1, confirming a role for this hormone in the 
transcriptional regulation of apoptosis. On the contrary, since no 
upregulation of BmCASPASE-5 was observed after the hormonal 
treatment, we hypothesize that its transcription could be regulated 
in vivo by a different stimulus or other factors are needed for 20E 
to be effective on this gene. The analysis of activated caspase 
demonstrated that the administration of a single dose of 20E can 
not trigger apoptosis, while the injection of two subsequent doses 
of 20E, that mimic commitment and metamorphic peak, is needed 
to induce the cleavage and the activation of the effector caspase, 
and to achieve a full apoptotic response. Taken together, our data 
demonstrate that the first 20E pulse activates the transcriptional 
regulation of apoptotic genes and the translation of caspases; 
thereafter a 20E metamorphic peak is necessary to stimulate the 
activation of effector caspases (Fig. 17). Manaboon et al. (2008) 
proposed a similar model for anterior silk gland degeneration 
during metamorphosis, in which PCD was transcriptionally 
triggered by the commitment peak, while the pathway that leads 
to caspase activation was induced by the pupal 20E rise. An 
- 60 - 
 
involvement of 20E in the induction of apoptosis during 
metamorphosis was also described in the silkworm fat body (Tian 
et al., 2012). However, in that case a single administration of 20E 
was sufficient to activate the apoptotic response. It is important to 
note that the degeneration of larval tissues during metamorphosis 
shows a specific temporal frame in each organ. Moreover, while 
some organs are completely degraded during metamorphosis 
(e.g., larval midgut, silk gland), some others are simply remodeled 
(e.g., fat body). So, it is likely that each organ responds to 
hormonal stimuli according to the expression levels of hormone 
receptors or other components of the hormone responsive 
pathway.  
 
4.3 Role of autophagy and apoptosis  
 
In Drosophila the regulation, as well as the role, of autophagy and 
apoptosis is reported to be highly context-specific. For example, 
cell death in the abdominal muscles occurs by apoptosis and does 
not require autophagy (Zirin et al., 2013) Apoptosis was also 
initially regarded as the major force driving the demise of the 
midgut (Yin and Thummel, 2004), although, a subsequent work 
pointed out autophagy as the indispensable process needed for the 
degeneration of this organ, while caspase activity appears 
dispensable (Denton et al., 2009). In the removal of salivary gland 
and during oocyte maturation, autophagy was reported to be 
necessary for the activation of a caspase-dependent cell death 
(Berry and Baehrecke, 2007; Nezis et al., 2010). Also in 
Lepidoptera, the function of autophagy and apoptosis was 
hypothesized to be tissue-specific (Franzetti et al., 2012; Khoa and 
Takeda, 2012; Khoa et al., 2012; Tian et al., 2012; Tian et al., 
2013).  On the other hand, functional studies aiming at unraveling 
the role and the relationship between the two processes within the 
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same insect model have never been performed. Our data on 
silkworm midgut demonstrate that the inhibition of the autophagic 
flux does not impair either the demise of the cells or the activation 
of caspases. Thus autophagy is not needed for the activation of 
apoptosis in this setting. Conversely, the epithelium of larvae 
treated with the autophagy inhibitor shows a more degraded 
morphology and an enhanced level of caspases, compared to 
controls. Thus, these data corroborate the evidence obtained in 
previous studies by our group (Franzetti et al., 2012; Franzetti et 
al., 2015) and suggest a dual role for autophagy in the midgut: i) 
it permits larval midgut cells to survive to starvation during early 
metamorphosis; ii) it allows the catabolic degradation of the cell 
components that can be later used by the newly forming pupal-
adult epithelium. In fact, Franzetti et al. (2012; 2015) proved that 
autophagy is responsible for the production of high ATP levels in 
the midgut during metamorphosis and that the new midgut 
epithelium is able to recycle and absorb molecules derived from 
the degeneration of the old larval midgut. Moreover, the 
involvement of autophagy in the catabolic response triggered by 
starvation and necessary to produce energy during metamorphosis 
was proposed also in the fat body (Tian et al., 2013). Accordingly, 
if autophagy is inactivated at this developmental stage, cells can 
not cope with the absence of nutrients, and a higher degree of 
degeneration of the midgut tissue is observed. We can speculate 
that this inability of the cells to counteract the lack of nutrients, 
due to the inhibition of autophagy, can trigger other death-related 
mechanisms (e.g., necrosis). This hypothesis is supported by a 
work on B. mori Bme cells, where the inhibition of starvation-
induced autophagy by 3-methyladenine leads cells to necrotic-like 
cell death instead of apoptosis (Wu et al., 2011). Unraveling the 
mechanisms that underlie the effects determined by the inhibition 
of autophagy would lead to better understand the relationship 
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between energy balance, autophagy and cell death in this 
experimental model. 
The results obtained in our study also confirm that the major 
process that is responsible for the degeneration of the larval 
midgut during metamorphosis is apoptosis. In fact, in vivo 
inhibition of caspases strongly delays the demise of the larval 
epithelium. Our data also show how activation of apoptosis is finely 
regulated, since it can be achieved only in a very short window of 
time (PP stage). Indeed, active effector caspases are never 
observed in midgut tissues before PP stage. Moreover, if the 
prepupal wave of caspase activation is chemically inhibited, the 
effector caspases can not be activated during the pupal stage 
anymore. 
In summary, we demonstrated that, under physiological 
conditions, the first rise of 20E stimulates the transcriptional 
activation of both autophagic and apoptotic genes. Autophagy is 
subsequently activated, allowing the cells to survive under 
conditions of nutrient deprivation and taking part to the 
degradation of the cell components. On the other hand, apoptosis 
is switched on 24-48 hours after the onset of autophagy by the 
pupal rise of 20E and it leads to the demise of the cells in a well-
regulated manner until the pupal stage. Apoptotic cells undergo 
secondary necrosis and their content is released in the lumen of 
the pupal-adult midgut, where it is progressively absorbed by the 
new epithelium (Fig. 17). 
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5 CONCLUSIONS 
 
1. Autophagy precedes apoptosis during the degeneration of the 
larval midgut in B. mori. 
 
2. Autophagy is activated at the beginning of metamorphosis in 
response to the 20E commitment peak. 20E acts on different 
targets, including Torc1, to induce autophagy. 
 
3. Autophagy is involved in the survival of the larval epithelium 
during W-SD2 stage and in the catabolic degradation of the 
cell components that are later absorbed by the adult 
epithelium. 
 
4. Apoptosis is transcriptionally activated at the beginning of 
metamorphosis following the 20E commitment peak. 
Activation of effector caspases is triggered by the 20E pupal 
peak.  
 
5. Apoptosis is the key process responsible for the demise of the 
larval midgut epithelium. 
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7 FIGURES 
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Figure 8 - Expression of ATG genes increases during 
metamorphosis. qRT-PCR analysis of BmATG8 (A) and BmATG1 
(B) mRNA levels in midgut tissues during metamorphosis.  
Values represent mean ± SEM (**, p<0.01 compared to L5D2). 
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Figure 9 - Autophagy is activated during the spinning stage. 
(A) Amino acid sequence alignment of BmAtg8 with HsGabarap; 
(B) western blot analysis of BmAtg8 on BL21DE3/pET28+BmAtg8 
bacteria (+), BL21DE3/pET28 bacteria (-) and silkworm midgut 
tissues (m), by using anti-HsGabarap antibody; (C) western blot 
analysis of BmATG8-PE expression during metamorphosis; (D, E) 
immunofluorescence staining of BmAtg8 showing the presence of 
autophagosomes (arrows) in midgut tissues at L5D5 (D) and SD2 
(E) stage; (F) TEM images of autophagosomes in midgut cells at 
SD2 stage (a: autophagosome; arrows: autophagosome 
membrane); (G) analysis of acid phosphatase activity in midgut.  
Values represent mean ± SEM (**, p<0.01 compared to L5D2). 
 
- 85 - 
 
 
- 86 - 
 
Figure 10 - Apoptosis is activated during larval-pupal 
transition. (A, B) qRT-PCR analysis of BmCASPASE-1 (A) and 
BmCASPASE-5 (B); (C) amino acid sequence alignment of 
BmCaspase-1 with HsCaspase-3 showing the conservation of the 
"EDT" cleavage site recognized by the anti-cleaved Caspase-3 
antibody; (D, E) western blot analysis of cleaved (D) and 
uncleaved (E) BmCaspase-1 during metamorphosis.  
Values represent mean ± SEM (*, p<0.05; **, p<0.01 compared 
to L5D2).  
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Figure 11 - Yellow body cells undergo secondary necrosis. 
(A) SEM image showing ruptures (arrows) in the membrane of the 
yellow body cells; (B) analysis of the release of cleaved 
BmCaspase-1 from the yellow body cells (P3 stage). The active 
caspase is detected both in the luminal space (l) and in the yellow 
body cells (c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
- 89 - 
 
 
 
 
 
- 90 - 
 
Figure 12 - Autophagy is activated by 20E. (A, B) qRT-PCR 
analysis of BmATG8 (A) and BmATG1 (B) in midgut cells after 
administration of 20E; (C, D) western blot analysis of BmAtg8-PE 
(C) and acid phosphatase activity (D) in midgut of larvae injected 
with the hormone; (E) western blot analysis of p-Bm4ebp1 in 
hormone-treated larvae.  
Values represent mean ± SEM (**, p<0.01). 
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Figure 13 - Rapamycin fails to activate a full autophagic 
response. (A) Western blot analysis of p-Bm4ebp1 in midgut of 
larvae injected with rapamycin; (B, C) qRT-PCR analysis of 
BmATG8 (B) and BmATG1 (C) expression after rapamycin 
treatment; (D, E) western blot analysis of BmAtg8-PE (D) and acid 
phosphatase activity (E) after administration of rapamycin. 
Values represent mean ± SEM (*, p<0.05; **, p<0.01).  
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Figure 14 - Apoptosis is activated by 20E. (A, B) qRT-PCR 
analysis of BmCASPASE-1 (A) BmCASPASE-5 (B) in midgut of 
larvae injected with 20E; (C, D) western blot analysis of cleaved 
BmCaspase-1 after a single (C) or a double (D) administration of 
20E.  
Values represent mean ± SEM (**, p<0.01). 
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Figure 15 - Inhibition of autophagy increases the 
degeneration of the larval midgut epithelium. (A, B) TEM 
analysis of midgut cells in control (A) and chloroquine-treated (B) 
P1 pupae showing a great accumulation of vesicles (arrows) after 
inhibition of autophagy; (C) Detail of putative autophagosomes in 
midgut cells of treated larvae; (D, E) western blot analysis of 
BmAtg8-PE (D) and acid phosphatase activity (E) demonstrating 
the inhibition of autophagy in midgut cells by chloroquine; (F, G) 
morphology of larval and pupal epithelium in control (F) and 
treated (G) pupae; (H) western blot analysis of cleaved 
BmCaspase-1 in midgut cells of larvae treated with chloroquine. a: 
autophagosomes; lm: larval midgut epithelium; n: nucleus; pm: 
pupal epithelium. 
Values represent mean ± SEM (*, p<0.05).  
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Figure 16 - Caspase inhibition delays the degeneration of 
the larval midgut epithelium. (A-C) Western blot analysis of 
cleaved BmCaspase-1 in midgut of larvae treated with z.vad.fmk. 
It is possible to appreciate the dose-dependent inhibition by 
z.vad.fmk (A), the absence of activated caspase expression in PP, 
P1 and P3 stages following the administration of the inhibitor at 
SD2 stage (B) and caspase activation at PP stage despite the 
injection of the inhibitor at SD1 stage (C); (D, E) TEM analysis of 
control (D) and treated (E) midgut at PP stage after the 
administration of z.vad.fmk; (F-I) morphology of larval and pupal 
epithelium in control (F) and treated (G) P3 pupae; morphology of 
larval and pupal epithelium in control (H) and treated (I) P9 
pupae. lm: larval epithelium; n: nucleus; pm: pupal epithelium; 
arrows: apoptotic nuclei.  
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Figure 17 - Schematic representation of the role and 
regulation of autophagy and apoptosis during midgut 
degeneration.   
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